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Water heating and building space conditioning account for more than one third 
of the nation’s total energy consumption. Because solar energy can be eff i- 
ciently captured at the low to moderate temperatures required for space con- 
ditioning and water heating, there is a good match among the energy demand, 
resource, and technology. In support of the Federal Government’s goals to 
encourage the provision of adequate, reliable, and reasonably priced energy 
supplies both today and over the long term, DOE’s Active Heating and Cooling 
(AHAC) Program supports research to develop the technology base that will 
allow the private sector to produce competitive active solar products and 
services. 

The AHAC program consists of research on systems, components, and materials 
for solar cooling, heating, and domestic hot water applications. The tech- 
nologies being pursued include heating, closed- and open-cycle absorption 
cooling, and liquid and solid desiccant cooling. The systems research asso- 
ciated with the AHAC program consists of analysis, experimental testing, and 
reliability testing and evaluation. 

The systems analysis subelement consists of developing, validating, and exer- 
cising algorithms that model advanced active heating and cooling systems and 
their control strategies. Where analytical tools do not exist or are inade- 
quate for assessing the performance of new system concepts, algorithms are 
developed and validated analytically or empirically or both. Sys tern perf or- 
mance is analyzed to compare alternative operation strategies, designs, com- 
ponent and material opportunities, and research priorities. When new 
algorithms are created and validated, they are made available through the 
TRMSYS library and, where appropriate, converted to the F-CHART design method. 

The goals of the reliability research subelement are to identify the causes 
and frequency of AHAC systems reliability problems and to recommend and per- 
form appropriate research to improve the overall reliability of AHAC systems. 
Specific activities include testing component reliability in the laboratory, 
testing materials and components outdoors, developing test standards for crit- 
ical components, developing and applying analysis techniques to estimate how 
reliability affects system performance and delivered energy cost, and evalu- 
ating the performance of state-of-the-art AHAC systems. 

The systems testing subelement is composed of laboratory and field evaluation 
of both state-of-the-art and advanced active systems concepts. The systems 
tests generate data that can be used to validate system-level models, verify 
operation strategies, and identify opportunities for improved control strat- 
egies and problem solving in component, material, and system design and opera- 
tion. Testing systems in highly controlled and instrumented situations allows 
the researcher to benchmark the performance and sensitivity of the system to 
the important driving functions (e.g., load, insolation, weather, control 
strategy). 

The systems research subelement identifies (through analysis and testing) 
problems and opportunities with materials and components in which research is 
required to develop reliable systems that minimize the cost of delivered 
energy. 
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This report supports the systems research program by presenting analytical 
tools for predicting the performance of integral collector storage (ICS) 
systems in short-term Solar Rating and Certification Corporation (SRCC) system 
tests and annually. Additionally, an economic analysis of ICS and drainback 
systems, based on consistent cost estimates, provides a comparative means to 
evaluate these two systems. 

This report describes the work performed under the FY 1984 SERI Task 
No. 3002.30, ?olar Space and Hot Water Heating Systems Analysis." The 
authors would like to express their appreciation to the following individuals 
who provided valuable comments during the review of the document: John Biemer 
of the Bonneville Power Administration, Doug Cornell of Cornell Energy 
Systems, Sandy Klein of the University of Wisconsin-Madison, Jay McLaughlin of 
Servamatic Systems, Dave Robison of the Oregon Department of Energy, Bill 
Thomas of Virginia Polytechnic and State University, Rich Wipfler of FAFCO, 
and Rob Farrington, Larry Flowers, and Walter Short of SERI. 

Task Leader 

Allan Lewandowski 
Subtask Leader 

Approved for 

SOLAR ENERGY RESEARCH INSTITUTE 

Chief 
Thermal Systems and Engineering Branch 

Shannon, Director 

iv 



RR-2594 

Objective 

The objective is to examine new solar domestic hot water (SDHW)/space heating 
systems that have the potential for reduced cost, improved performance, or 
both. 

Discussion 

This report describes the work done in FY 1984 in the Solar Energy Research 
Institute's (SERI'S) continuing effort to identify low-cost systems for domes- 
tic hot water and space heating applications that can significantly improve 
the delivered energy cost of these systems. We chose to concentrate our 
efforts in this work on domestic hot water applications. 

In earlier SERI work the advantages of drainback systems for the DHW applica- 
tion have been identified. It appears that drainback systems have the poten- 
tial for incorporating low-cost components in a more cost-effective and reli- 
able system. In this report we have provided updated cost estimates for three 
drainback systems: a commercially available system using currently available 
hardware, and two lower-cost systems using available low--cost collectors and 
low-cost components. We used F-CHART to predict the performance of these 
drainback systems so that an overall estimate of their economics could be 
obtained. 

While there appears to be much promise for low-cost drainback systems, we also 
identified other systems that have the potential for low delivered energy 
costs. We chose to study the integral collector/storage (ICS) system in this 
work because these systems are rapidly increasing in consumer sales and rela- 
tively little analytical work was available with which to evaluate their 
performance. 

In studying the ICS system, we reviewed the various configurations and deter- 
mined that the two most common designs were the multiple tank and the single 
tank with reflector. These two designs have somewhat different performance 
characteristics. The multiple-tank design has a somewhat larger surface area 
for heat loss but has better optical performance than the single tank with 
reflector. We surveyed ICS system manufacturers to determine the range of 
costs involved with design, manufacturing, and marketing of the systems in the 
market today. Costs from this survey were used to provide an overall 
installed cost estimate for an ICS system. The same costing approach was used 
for this exercise as for the drainback system costs. 

During the course of this work, a methodology for predicting the long-term 
performance of ICS systems was developed at the University of Wisconsin. We 
used this methodology to predict the annual performance of the same ICS system 
for which costs were developed. At the same time, a simple model for ICS per- 
formance was developed and applied to predict the performance of ICS systems 
in the Solar Rating and Certification Corporation (SRCC) 200-82 test standard. 
Taking design data for ICS units that had already been tested under this 

V 



RR-2594 

standard, we attempted to determine the simple model parameters that could 
predict the SRCC test results. These parameters, which are basically the same 
as those for the long-term methodology, can then be used to predict long-term 
performance. 

With both cost and performance data for ICS and drainback systems, an economic 
analysis was then conducted. We chose to use discounted payback as the figure 
of merit for economics. This was done to be consistent with previous SERI 
studies and because of its relative simplicity. In addition to the initial, 
installed cost of the systems, a life-cycle cost for repairs and replacements 
was estimated based on some recent work in this area at SERI. 

Conclusions 

Low-cost versions of drainback systems have the potential to reduce installed 
costs by almost 40% over optimistically priced, commercially available sys- 
tems. If a durable, low-cost, high-performance collector could be developed, 
payback periods of slightly under 10 years (versus electricity) would be pos- 
sible without tax credits. Further cost reductions would require the develop- 
ment of other innovative system concepts. 

ICS systems were studied as an alternative to drainback systems for heating 
domestic water (but not for space heating). Their attraction lies in their 
simplicity; namely, no pump or controller is required, and the entire system 
comes in one package. Two basic ICS system designs were studied: a single 
tank with reflector and a multiple tank configuration. Two computer models 
were developed. One simulates an SRCC-82 system test and allows for ICS model 
parameters to be determined from published SRCC test results. A second model 
takes these parameters and, using a methodology developed at the University of 
Wisconsin , predicts annual performance. 

The ICS simulation results indicate that attempts to reduce overnight losses 
by lowering the loss coefficient can unfortunately be offset by even small 
corresponding reductions in optical efficiency. In comparing the two ICS 
system types (single versus multiple tank), the single tank system has lower 
heat losses due to a smaller tank area, but a lower optical efficiency due to 
the presence of the reflector. In terms of annual performance, neither system 
design emerged as a clear winner, although additional concentration is pos- 
sible with the single tank design (at an added cost). 

The optimum tank volume (system capacitance) was found to be dependent on draw 
profile. For a continuous draw, performance at any given aperture area is 
completely independent of tank volume. (If the energy balance equation for a 
constant draw is integrated over time, the storage mass appears only in the 
tank internal energy term, and this term can be considered negligible over 
long periods such as a month.) Draw profiles characterized by an average draw 
temperature less than the average tank temperature (e.g., night draw) benefit 
from larger tanks, which have a smaller diurnal temperature variation. Con- 
versely, a draw profile weighted to the daytime would do better with smaller 
tank sizes (although as with other active systems, if the tank is too small, 
collector efficiency suffers during nondraw conditions). A complete study of 
this issue was not attempted. 
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A survey of ICS manufacturers revealed that system costs per unit area are 
only slightly less than those of other active systems on the market. Compared 
to flat-plate collectors, ICS units are considerably more expensive per unit 
area. While the overall cost for a typical ICS system may be less than for a 
typical drainback system (e.g., comparing the ICS to the commercial 
drainback), the ICS system does not deliver as much energy. An economic com- 
parison showed that the ICS system has a shorter payback than the commercial 
drainback system and about the same payback as the low-cost drainback system. 
It must be pointed out that the low-cost drainback system has not been tested 
or commercially developed and that the costs estimated for the ICS system were 
taken from the optimistic end of the cost range from the manufacturers' 
survey. 

If a high-performance, low-cost, flat-plate collector could be developed with 
a system cost similar to the low-cost system evaluated in this report but with 
the performance of the commercial system, then the overall economics are 
improved considerably. 
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SECTION 1.0 

INTRODUCTION 

1.1 BACKGROUND 

Residential and commercial building space conditioning and water heating 
account for more than a third of the nation's total energy consumption (SERI 
1981) and therefore represent a significant target for energy displacement. 
The development of solar technology for active space conditioning and hot 
water systems has progressed to the point that, with the financial aid of tax 
credits, there are a significant number of commercial and residential systems 
in operation. 

As stated in the National Active Solar Heating 
Year Research Plan (1985): 

The Federal Government has established a goal in the area of 
energy to encourage the provision, both today and over the long- 
term future, of adequate, reliable and reasonably priced energy 

and Cooling (AHAC) Program Five 

supplies. The role of the Federal Government in achieving this 
goal is primarily one of fostering a technical and economic envi- 
ronment that encourages private initiative and promotes efficient 
use of the nation‘s energy and economic resources. The Active 
Solar Heating and Cooling Program is primarily concerned with 
research and development to establish viability and readiness for 
the commercial market. Specifically, this is expected to con- 
tribute a significant share of energy supplies for building appli- 
cations. 

The current viability of commercially available active heating and hot water 
systems is largely a result of substantial federal and state income tax 
credits. Without tax credits, there is little hope for significant energy 
displacement with current technology and cost. To achieve greater market 
acceptance of active solar systems, industry and government are pursuing the 
development of systems that will substantially reduce delivered energy cost. 
Considerable effort in research, development, and production of low-cost solar 
domestic hot water (SDHW)/space heating hardware has already been conducted 
with some success. For example, several manufacturfrs have developed a pro- 
duction capability for collectors that sell at $75/m ($7/ft 2 ) to distributors 
and dealers. However, the state of the art is far from economically com- 
petitive and there is a need for continued research to formulate, analyze, and 
test innovative approaches, concepts, techniques, and hardware that have the 
potential for substantially reducing delivered energy costs. Clearly, incre- 
mental improvements in delivered energy costs will not be enough to achieve 
the goal of economic viability. 

From 1981 to 1983, SERI undertook a study to develop low-cost collectors and 
systems that identified many new ideas with good potential to significantly 
reduce system cost (Kutscher et al. 1984). A primary conclusion of this work 
was that the greatest potential cost reductions for pumped systems are pos- 
sible with a drainback liquid DHW/space heating system. Few valves are 
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required and no automatic valves, which are prone to failure, are necessary. 
According to a comparison by Argonne National Laboratory (1981), drainback 
systems have approximately a 40% greater mean time between failures than do 
drainout systems. It is the relatively simple design of drainback systems 
that increases overall reliability. Freeze protection is fail-safe as long as 
proper installation techniques are employed. Water can be used as the working 
fluid with its inherent advantages. If load-side heat exchangers are 
employed, then low-cost collectors and unpressurized storage tanks can be 
used. This last item provides the low-cost potential of the drainback system. 
Use of low-cost collectors, plastic pipe, and low-cost storage coul 
icantly reduce current installed system costs of over $540/m2 

4 
signif- 

($SO/ft ). How- 
ever, if tax credits are dis llowed, 
must drop to $110/m2 9 

the study concluded that installed costs 
($lO/ft ) to provide a 40% market penetration for resi- 

dential all-electricity customers. This corresponds to a five-year payback 
based on the performance assumptions in the study. 

Although drainback systems have been investigated in some detail at SERI, and 
many installers in the field have gained experience with them, several 
research issues still remain to be resolved before drainback systems move com- 
pletely out of the scope of AHAC program work. These primarily include com- 
ponent-related issues such as optimum design of collector-side and load-side 
heat exchangers; performance of polybutylene pipe under actual conditions; 
pressure limitations in unvented, closed-loop drainback systems; corrosion in 
vented, closed-loop systems; evaporation in vented systems; effect of boiling 
and subsequent increased pressure when filling a hot, stagnated collector; and 
performance of a pumped loop between the solar and auxiliary tanks (in two- 
tank systems). Although the resolution of these issues will result in better 
performing, more reliable drainback systems, cost remains a barrier to large 
market penetration. 

The Active Program Research Requirements (APRR) study (Scholten and Morehouse 
1983) drew a similar conclusion, although in a different form. It shows 
that residential liquid heating/hot water systems have optimistic cost-to- 
cost-goal ratios in excess of 2:l. Additionally, significant real fuel esca- 
lation rates are required if these systems are to become competitive by the 
year 2000. Of the 12 systems ranked, liquid heating systems, including drain- 
back, received the highest evaluation in the APRR study of all residential 
systems. The need for new ideas and projects was also specifically identified 
in the APRR study, as many system concepts were not included in the process 
because of a lack of available information and analytical models. It is 
therefore important to address innovative concepts and systems that have the 
potential for large cost advantages over currently available active systems. 

An ideal innovative system that would solve the economic barriers would have 
the following characteristics: 

l Reliability 

l Few components 

a Simple installation 

Potential for mass production 

I) Low installed or life-cycle cost 
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l No parasitic power requirements 

l Efficiency comparable to drainback systems. 

Our survey of possible systems identified the integral collector/storage (ICS) 
system as meeting many of these criteria (for DHW-only applications), 
including few components (a tank, a glazed box, and plumbing); simple instal- 
lation (nominally, roof mounting with pipes to the mains and the conventional 
water heater); potential for mass production (the integral nature of ICS 
systems lends itself to mass production); and no parasitic power requirement 
(no pump). Current costs of ICS systems vary widely, but there is a potential 
for systems to be very cheap if they are mass-produced and if installation 
procedures are streamlined. 

ICS systems are new in the market compared with other domestic water heating 
technologies. Analytical tools for predicting both instantaneous and annual 
performance are scarce. While ICS systems are becoming more common in the 
marketplace, a large variation in installed costs exists, which makes 
straightforward comparisons difficult without further evaluation. 

Other systems may also meet the criteria for lowering delivered energy costs 
for domestic hot water applications. These include the many variations on the 
thermosiphon system: unitary (both with and without a boiling working fluid) 
and the more traditional system with separate components. 

1.2 OBJECTIVE 

Because funds and personnel were limited, we chose to focus our attention on 
the comparison between drainback and ICS systems. Since ICS systems appear to 
have potential for greater cost-effectiveness than drainback systems, the 
primary objective of our present work has been to review and update the per- 
formance and cost data for drainback systems and to assess the performance and 
cost potential of ICS systems. This information will then be used to compare, 
using the same criteria, drainback and ICS system cost-effectiveness. 

1.3 APPROACH 

The approach to accomplishing the stated objective has been to review the 
available literature on ICS performance models, develop a modeling capability, 
exercise the models to generate performance data, review existing ICS designs, 
and establish a consistent cost basis. We have developed a modeling capabil- 
ity, beginning with relatively simple models. Although two detailed models of 
specific ICS designs are available, they had limited utility in our present 
work. A simple ICS model was used to predict performance in an industry 
standard systems test. Test data from the systems test were compared with the 
predictions in order to partially validate the simple model. The model para- 
meters were then used in an annual performance prediction methodology (avail- 
able in the published literature) to generate long-term performance estimates 
for the ICS designs modeled. A more thorough validation is necessary if we 
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are to be completely confident that a simple model can predict long-term per- 
formance adequately. To assess existing designs, we received in detail the 
current systems in terms of design, cost, and marketing strategy. A survey of 
all current manufacturers was conducted to obtain this information. The cost 
data were then used to generate an installed-cost estimate using the same 
assumptions and categories as those of the previous drainback systems. 

With both the performance and cost data in hand, we compared the economics of 
both the drainback systems and the ICS systems. This assessment provides a 
basis for recommendations for further work in both drainback and ICS systems. 

The remainder of this report documents the task work on drainback and ICS sys- 
tem performance and cost. Section 2.0 presents the updated cost and perfor- 
mance data for drainback systems. Since ICS systems have not been studied 
extensively, Section 3.0 is an overview of ICS systems, including a literature 
review, design considerations, manufacturers’ survey results, and cost esti- 
mates. The standards that apply to ICS systems are discussed in Section 4.0 
and a simple model that was applied to one of these standards is developed. 
Section 5.0 reviews an annual performance methodology and presents results for 
various ICS system designs. This section also compares ICS performance with 
drainback performance. Cost and performance data are combined in Section 6.0 
using a discounted payback analysis. Conclusions and recommendations are 
given in Section 7.0. 
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Previous SERI work by Kutscher et al. (1984) on low-cost systems developed 
cost and performance data for several drainback system configurations. This 
wo?k was based on component and system cost data that are now outdated. Since 
the emphasis was on cost reduction and not performance, system performance had 
been estimated. We updated both the costs and performance using the latest 
available information and design tools. Two different systems were eval- 
uated: a commercially available system utilizing standard components and a 
high-performance collector, and a low-cost alternative utilizing inexpensive 
components and a low-cost, lower-performance collector. We chose to develop 
cost data based on readily available hardware and not on components that are 
either under development or proposed for development. 

2.1 SYSTEM CONFIGUIUTION 

A schematic of the system studied in this section is shown in Figure 2-l. 
Primary components include collectors [exterior dimensions of 1.22 m (4 ft) by 
2.44 m (8 ft) 05 3.05 m (10 ft)]; an insulated storage tank with a volume of 
0.42 to 0.45 m (110-120 gal); a 30.5-m (loo-ft)-long copper tube heat 
exchanger; a differential controller with two sensors; a low-flow, high-head 
pump ; approximately 30.5 m (100 ft) of system piping with insulation and 
weatherized coatings for the sections exposed to the elements; and all of the 
necessary valves, fittings, and brackets required to complete the system. 

water 

To load 

I 

Figure 2-l. 

SUPPlY 

Drainback System with Load-Side Xeat Exchange 
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The system operates as follows. Morning start-up occurs when the signals from 
the sensors tell the controller that useful energy can be collected. At that 
point, the pump turns on, and must overcome both friction in the pipe and 
static head. Once the fluid has reached point A, a siphon is established (if 
certain pipe size and fluid velocity criteria are met), and the power to the 
pump is reduced by means of a pump speed controller (Farrington 1983) so that 
the flow rate is not excessive and pump power is decreased. The pump contin- 
ues to operate at this reduced level as long as useful energy can be col- 
lected. Storage tank fluid circulates directly to the collectors, and heat is 
delivered to the load via a load-side heat exchanger. This configuration 
allows an unpressurized tank to be used that can significantly reduce system 
costs. When the controller turns off the pump, fluid in the collector drains 
back into the storage tank, providing positive freeze protection should it be 
necessary. 

2.2 SYSTEM COSTS 

To represent a system that could be purchased today, we estimated the costs of 
one system using commercially available, high-performance collectors and 
conventional balance-of-system components. The other system utilized lower- 
cost components (polybutylene pipe, 550gal drum storage, etc.) that also have 
potential installation cost benefits. This system used a commercially avail- 
able low-cost collector manufactured by Sealed Air Corp. (model BGI-32), an 
inexpensive, low-performance unit typically. used in pool heating 
applications. Collector performance parameters are from SRCC test results 
(1983). The low-cost unit did not perform as well or cost as much as the 
first collector, a Novan Optima II 48SC. 

Costs were developed based on quotes for equipment costs, labor estimates, and 
data from Means (1983). Costs found in the APRR catalog were found to be very 
high in many cases, compared with cost quotes from local distributors. Addi- 
tionally, costs for the same item quoted by different suppliers often varied 
considerably. In all cases, we used the most favorable costs. Labor costs 
were dependent on both labor hours and rates. It was difficult to estimate 
the amount of installation time for the various components in the systems we 
costed. Some data on collector installation requirements and skill levels 
(hence hourly rates) were reported by Means (1983); otherwise, labor figures 
are based on our best judgment. System costs are detailed in Tables 2-l and 
2-2 for the commercial system and for the low-cost, low-performance system. 
Nearly a 40% reduction in cost is expected for the low-cost system compared 
with the commercial 
costs are $540 m2 

syst m. 
s 

On a cogt-per-unit-area basis, the resulting 
($SO/ft ) and $270/m ($25/ft ) for the commercial and the 

low-cost system, respectively. Since the balance-of-system comparison on a 
cost-per-unit-area basis does not give particularly meaningful results, com- 
parisons on this basis with other solar technologies are not appropriate. 
Evaluations between alternatives must include performance. A cost percentage 
breakdown by category is given in Table 2-3. The cost of the commercial 
system is probably optimistic, especially when compared with actual installed 
system costs. Differences are due primarily to the influence of tax credits 
and low volume, which tend to inflate the overhead and profit categories at 
the dealer level. Overhead and profit percentages used in our estimates 
represent what would more typically be found in an established product market. 
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Table 2-l. Cost for Commercial Drainback System 

Total Labor 
cost 

cost Labor Rate 

6) (h) (S/h) 
Equipment 

w 

Collectors, 1.22 m x 2.44 m (4 ft x 8 ft) 
2 at $461.62 (Novan 48SC) 

923.24 2.7 18.7 50.49 

50.00 

300.00 

67.00 

Brackets, 2 each 

Storage tank, insulated, 454 L (120 gal) 

Heat exchanger, 30.5 m (100 ft>, 1.9-cm 
(3/4-in.) copper tube 

Pump, Taco 009BF, 6.1-m (20-ft) head 
at 7.7 L/min (2 gpm) 

Controller and sensors 

-0 

2.0 

1.0 

-0 

18.7 

18.7 

-- 

37.40 

18. JO 

123.45 1.0 18.7 18.70 

54.14 2.0 18.7 37.40 

15.00 1.5 18.7 28.05 

67.00 7.0 18.7 130.90 

Valves, 2 ball-type 

Piping, 1.9-cm (3/4-in.) copper, 
30.5 m (100 ft> 

Pipe insulation, log-cm (3/4=in.) wall 

Fittings 

65.00 7.0 18.7 130.90 

2o.oq 4.8 18.7 89.76 

1,684.83 542.30 
1,684.83 

Total labor and materials 
Labor paid by general contractors (21%) 
Sales tax (6%) 

General contractor overhead (15%) 

2,227.13 
113.88 
101.09 

2,442.10 
366.31 

General contractor profit (15%) 
2,808.41 

421.26 

Total system costs 3,229.68 



Table 2-2. Cost for Low-Cost, Low-Performance Drainback System 

cost Labor Rate 
($1 (h) (S/h) 

Total Labor 
cost 
w 

Equipment 

Collectors, 1.22 m x 3.05 m (4 ft x 10 ft), 404 .oo 
2 at $202.00 (Sealed Air BGI-32) 

Brackets, 2 each 50 .oo 

Storage tank, insulated, 208-L (55-gal) 58 .OO 
drums 

Insulation for tanks, 0.17-m (6-l/2-in.) 
F. G., rigid foam bottoms 

Heat exchanger, 30.5 m (100 ft), 1.9-cm 
(3/4-in.) copper tube ’ 

Pump, Taco 009BF, 6.1-m (20-ft) 
head at 7.7 L/min (2 gpm) 

Controller and sensors 

15 .oo 

67 .OO 

12; .45 

54.14 

2.7 18.7 50.49 

-- 

3.0 

-- -a 

18.7 56.10 

1.0 18.7 18.70 

1.0 18.7 18.70 

1.0 18.7 18.70 

2.0 18.7 37.40 

0.75 18.7 14.03 

5.0 18.7 93.50 

co Valves, 2 ball-type 

Piping, 1.9-cm (3/4-in.) polybutylene, 
30.5 m (100 ft) 

Pipe insulation, 1.9-cm (3/4-in.) wall 

Fittings 

15.00 

31 .oo 

64 .OO 

10.00 

7.0 18.7 130.90 

2.0 18.7 37.40 

475.92 
892.59 

892.50 

Total labor and materials 
Labor paid by general contractors (21%) 
Sales tax (6%) 

General contractor overhead (15%) 

1,368.51 
99.94 
53.55 

1,522.Ol 
228.30 

General contractor profit (15%) 
1,750.31 

262.55 

Total system costs 2,012.85 
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Table 2-3. Cost Percentage by Category for the Two Drainback Systems (%> 

Category 

System 
Collectors Equipment Labor Tax 

Overhead 
and Profit 

Commercial 29 24 20 3 24 
Low-cost 20 24 29 3 24 

Using lower-cost collectors causes labor rather than collectors to be the 
largest cost category. However, the absolute value of labor costs is somewhat 
lower for the low-cost systems, owing primarily to the ease with which the 
polybutylene pipe is installed. Additional cost reductions in the collector 
and labor categories are possible, but somewhat limited. Equipment costs 
could be reduced with high-volume purchasing, or by simplifying the system so 
that fewer components are needed. Further significant reductions of equipment 
cost may be difficult to achieve without packaging the low-cost, balance-of- 
system components in some manner. 

2.3 SYSTEM PERFOJMANCE 

Performance of each system was predicted using F-CHART version 4.1 (Mitchell 
et al. 198'0). Because F-CHART cannot model a load-side heat exchanger system, 
the performance values were calculated for a system with collector-side heat 
exchange, This modification results in comparable performance predictions as 
long as our system has a heat exchanger large enough to permit it to match the 
heat transfer of the collector-side system in the F-CHART model. The hot 
water load is based on a 3000L/day (750gal/day) use, a set temperature of 50°C 
(122'F), and a water mains temperature of ll°C (52'F). Collector areas are 
based on the typical size and number of collectors for residential DHW systems 
sold today. System parameters for both cases are shown in Tables 2-4 and 2-5. 
Performance results are given in Section 6.0 in the economic comparison with 
ICS systems. 
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Table 2-4. F-CHART Parameters for the Commercial Drainback System 

Collector Parameters 
Cl Collector area 
C2 FR-UL product 
C3 FR-Ta (normal incidence) 
C4 Incidence angl e modifier constant 
C5 Collector flow rate x 

specific heat/area 
C6 Collector slope 
C7 Collector azimuth 
C8 Ground reflectance 

5295 m2 (64.0 ft2) 
4.50 W/m 'C (0.79 Btu/h ft2 OF) 

0.77 
0.23 

70.00 W/m2 O C (12.3 Btu/h ft2 OF) 
Lat 

o.oo" 
0.20 

Collector-Store Transfer Parameters 
Tl EPS-CMIN of collector-store 

HX/collector area 
T2 UA of collector inlet pipe or duct 
T3 UA of collector outlet pipe or duct 

70.00 W/m2 O C (12.3 Btu/h ft2 OF) 
00.0 w/Oc 
0.00 w/Oc 

Storage Unit Parameters 
Sl Tank capacity/collector area 350.00 kJ/m2 ' C (17.1 Btu/ft2 OF) 
S2 Storage unit height/diameter ratio 

2*oo S3 Heat loss coefficient 0.50 W/m2 O C (0.088 Btu/h ft2 OF) 
S4 Environment temperature (-1000 for TENV = TAMB) 20.0°c (68O~) 
SS Hot water auxiliary tank UA 0.00 w/Oc 
S6 Hot water auxiliary tank environment temperature. .L 20.00°~8%F) c . 

Load Parameters 
L3 Hot water use 
L4 Hot water set temperature 
LS Water mains temperature 

300.00 L/day (79.3 gal/day) 
50.00°C (122'F) 
ll.oo"c (51.8OF) 

Auxiliary Parameters 
A3 Hot water auxiliary fuel (1 = Gas, 2 = Elec, 3 = Oil) 2 
A4 Auxiliary water heater efficiency 1.00 

10 
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Table 2-5. F-(XIART Parameters for the Low-Cost, Low-Performance Drainback System 

Cbllector Parameters 
Cl Collector area 
C2 FR-UL product 
C3 FR-ra (normal incidence) 
C4 Incidence angle modifier constant 
C5 Collector flow rate x specific heat/area 
C6 Collector slope 
C7 Collector azimuth 
C8 Ground reflectance 

7.43 m2 (80.0 ft2) 
7.90 W/m2'C (1.39 Btu/h ft2 OF) 

0.67 
0.19 

70.00 W/m2'C (12.3 Btu/h ft2 OF) 
Lat 

o.oo" 
0.20 

Cbllector-Store Transfer Parameters 
Tl EPS-CMIN of collector-store HX/collector area 35.00 W/m2 O C (6.17 Btu/h ft2 OF) 

T2 UA of collector inlet pipe or duct 0.00 w/Oc 
T3 UA of collector outlet pipe or duct 0.00 WIOC 

S&rage Unit Parameters 
Sl Tank capacity/collector area 350.00 kJ/m2 'C (17.1 Btu/ft2 OF) 
S2 Storage unit height/diameter ratio 2.00 

53 Heat loss coefficient 0.50 W/m2 O C (0.088 Btu/h ft2 OF) 

S4 Environment temperature (-1000 for TENV = TAMB) 20.0°c (68O~) 

S5 Hot water auxiliary tank UA 0.00 w/Oc 
S6 Hot water auxiliary tank environment temperature 20.00°c (68O~) 

Load Parameters 
L3 Hot water use 
L4 Hot water set temperature 
LS Water mains temperature 

300.00 L/day (79.3 gal/day) 
50.00°C (122'F) 
li.oo”c (51.8O~) 

Auxiliary Parameters 
A3 Hot water auxiliary fuel (1 = Gas, 2 = Elec, 3 = Oil) 2 

A4 Auxiliary water heater efficiency 1.00 
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SECTION 3.0 

ICS SYSTEM OVERVIEW 

3.1 LITERAL BEVIEW 

Integral collector/storage (ICS) systems have been in use for many years, in 
the United States as well as around the world, but surprisingly little analy- 
sis existed until the 1970s. Although the concept is quite simple (most 
systems consist of a tank or series of tanks inside of a glazed, insulated 
box, plumbed in-line with the cold water supply), a thermal performance analy- 
sis of ICS systems is complicated because it is difficult to separate the 
contributions of the glazing, the absorber surface, hydrodynamics of the fluid 
in the tank, and the insulated box, particularly in view of the vast number 
and wide variety of system configurations that are currently available. As 
part of our assessment of ICS systems, we conducted a comprehensive literature 
survey of analyses pertaining specifically to ICS systems as well as more 
general studies of heat transfer for configurations found in ICS systems. 

The first patents for ICS water heaters were issued in the late 18009, and 
many systems based on the early designs were built in southern California and 
Florida. Perhaps the earliest publication describing ICS systems was an 
article that appeared in a Berkeley Agricultural Research Bulletin by 
F. A. Brooks (1936). This--bulletin documented what had- been-understood-for i.-n. -., 
some time; that is, that water heating could be achieved very simply by plac- 
ing a container of water in the sunlight. Passive water heaters gained popu- 
larity during the early twentieth century, particularly in hot, sunny 
climates, 

More recently, beginning in the mid-1970s, a renewed interest in ICS water 
heaters arose. One design that is often cited is the Zomeworks system 
designed by Steve Baer (1978). The Zomeworks Breadbox system consists of a 
horizontal tank within an insulated, rectangular box that has the top and 
south faces double-glazed. The insulated box lid and south-facing side (door) 
of the box are manually opened each morning. Reflective surfaces on the 
inside of the door and lid reflect additional radiation onto the black tank. 
At night, the lid and door are closed to minimize night heat losses. 

Another class of ICS systems, aimed at reducing night sky radiation losses as 
well as convective losses, is the inverted configuration, in which the glazing 
faces downward and incident radiation is reflected into the tank. Stickney 
(1984) des cribed several inverted ICS systems, including three snail-type 
designs. Because of their large and somewhat cumbersome form, inverted sys- 
tems may have limited application. 

Burton and Zweig (1981) studied side-by-side performance of two identical 
inclined-tank ICS systems with various glazing treatments, tank treatments, 
and interior collector surfaces. They concluded that a selective surface on 
the tank provided a greater efficiency improvement than any of the other 
options examined, but the duration of their experiments was rather brief. 
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,Bishop (1983) described a batch-type water heater that was specifically devel- 
oped for freezing climates. It incorporates high levels of insulation RSI* 7 
(R-401, a multiple-glazing system of low-iron glass and high transmission 
films, and two 170-L (45-gal) tanks with selective surfaces within an 
involute-curved reflector. Polybutylene pipe is used for all exterior piping 
and is covered with RSI 4.5 (R-25) insulation. Performance monitoring of this 
prototype was very limited, and a rigorous analysis of system performance was 
not undertaken. However, it appears that many of the design features of this 
system are appropriate choices for a freezing climate. 

Reichmuth and Robison (1983) developed a simulation method for ICS systems 
using a thermal network approach and described a simplified test procedure to 
experimentally determine the model parameters. Robison (1984) described a 
simplified procedure to take standard system test results and adjust them to 
any other location. 

Cummings (1983) described a simulation model of an ICS system that is similar 
in design to a Gulf Thermal Progressive Tube, in which there are several small 
tanks (tubes) plumbed in series within a glazed box. The tanks are assumed to 
completely fill the aperture. His model allows hour-by-hour simulation of 
thermal performance and takes into account solar gain, heat losses to the air 
and night sky, and the internal heat transfer for the system under consid- 
eration. The model is flexible enough to allow a variety of parametric 
studies. 

Cummings looked ‘at the number and clarity of glazings, number and volume of 
tanks, box insulation, night insulation, absorber emissivity, and load 
schedules. The model is appropriate only for the configuration modeled, and 
does not specifically compute hydrodynamic interactions of the fluid within 
the tanks. From his analysis, Cummings made several conclusions. He found 
that the system he modeled was only slightly less efficient (from 3% to 15% 
less) than an active SDHW system, based on comparison with F-CHART runs in the 
same locations for solar savings fractions from 0.27 to 0.64. A system with a 
selective surface was always more efficient and more cost-effective than a 
system with a nonselective surface, and single glazing was more cost-effective 
except for high solar savings fractions in cold climates. Freezing appeared 
to be much less of a problem than had been anticipated for batch heaters. 
Single glazing with a selective surface was found to prevent a system from 
freezing in Washington, D.C., or milder climates, and a double-glazed system 
with selective surface was sufficient to prevent freezing in all climates 
modeled except Bismarck, N. Dak. Adding R-9 night insulation substantially 
improved performance for all locations and eliminated freezing of the single- 
glazed system for all climates. A draw schedule weighted toward the morning 
caused a 10%-15X performance penalty, while an evening-weighted draw improved 
overall performance by 5X-10%. Economic analyses by Cummings show relatively 
high rates of return on investment (13X-254) but are based on 40% tax credits. 

The work of Lindsay and Thomas (1983 and 1984) resulted in a detailed model of 
an ICS configured with a single, horizontal tank in a reflective enclosure. 
The primary purpose of their work was to examine alternatives to then-current 

*R-value expressed in standard SI units of m * Oc/w. 
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system test methods for ICS systems. Specifically, they investigated the pos- 
sibility of using an in-line heater to substitute for a solar simulator that 
is required by the current industry standard. Their single-node model was 
based on the Cornell 360 design. The model was developed to compare experi- 
mental results with predictions for both stratified and mixed-tank experi- 
ments. They found experimentally that forced circulation made little dif- 
ference compared with stratification in daily energy collection efficiency. 
They limited their experiments to only no-draw and noon-draw profiles. How- 
ever, they obtained very good agreement using the single-node model for all 
experimental data. They concluded that using a mixed mean temperature in the 
model was adequate to characterize the ICS system they tested. 

A TRNSYS model of an ICS system with a single horizontal tank inside a reflec- 
tive box, similar to the Cornell 360 system, was developed by Zollner 
(1984). He used the TRNSYS model to develop a correlation method that pre- 
dicts (within the range of parameters studied) annual performance of ICS sys- 
tems. The annual prediction procedure requires as inputs a heat loss coef- 
ficient, an effective optical efficiency, the system size, monthly weather 
data, and monthly average hot water draw. The system parameters may be the 
result of a test, or they may be presumed or desired properties of the KS 
system being modeled. 

The most common configuration for an ICS system is a horizontally oriented 
tank or a series of tanks. Therefore, we reviewed the literature in which the 
heat transfer of fluid in a heated, horizontal tank has been examined. Young 
and Baughn (1981) observed vertical temperature gradients in horizontal stor- 
age tanks and proposed a one-dimensional model for stratification in-the tank . 
that allows some degree of mixing at the inlet and outlet boundaries, Agree- 
ment with experimental results was reasonable for temperatures near the tank 
top, but bottom temperatures deviated from predictions. They observed signi- 
ficant mixing within the tank when fluid was withdrawn unless a diffuser 
manifold was placed on the make-up water inlet. 

Liburdy (1982) examined natural convection of fluids within a horizontal 
cylinder having uniform wall heat flux. He found that a modified Rayleigh 
number could be used to correlate heat transfer data within the cylinder for 
the range of parameters used in his investigation. The limitation of this 
work lies in the assumption of uniform wall heat flux, which is not the case 
for an ICS system. Kee (1974) developed numerical techniques to predict two- 
dimensional transient natural convection heat transfer within a horizontal 
cylinder. The methods solve the full momentum (Navier-Stokes) and thermal 
energy equations and are general enough to accommodate completely arbitrary 
boundary conditions (within the assumption of two-dimensional flow). Thus, 
the asymmetric case where only a portion of the tank circumference is heated 
(as in an ICS system tank) may be solved with these methods. The most general 
analysis would result from using a full three-dimensional Navier-Stokes solu- 
tion such as is available with the Argonne-developed code COMMIX (Domanus 
et al. 1983). We have obtained documentation and a user's manual for COMMIX 
and are evaluating the potential benefits that may result from this level of 
analysis. 
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3.2 DESIGN CONSIDERATIONS 

ICS systems are typically configured as either a single tank with circumferen- 
tial glazing, a single tank in a glazed box with a reflector, or multiple 
tanks in a glazed box butted together as shown in Figures 3-1, 3-2, and 3-3. 
Figure 3-4 shows a system with a half reflector placed below the tank in such 
a fashion that convection losses are minimized. If the solar radiation can be 
intercepted by another surface and then transferred to the tank by means of 
conduction or convection, the tank can be heavily insulated as shown in Fig- 
ure 3-5. In a unitary thermosiphon heater the flat portion could be a con- 
ventional flat-plate collector containing the potable fluid or antifreeze 
(necessitating a heat exchanger). Alternatively, a bank of heat pipes could 
be used. 

All of these systems have sevefal things in common. The collection and stor- 
age devices, though not always one and the same, at least come together in a 
single package. No controls, pumps, or parasitic energy are required. Other 
than the piping to the conventional system, no other hardware is required. In 
each case, potable water is stored outside of the living space where thermal 
losses and freezing danger occur. 

We will focus our attention on the two most common ICS designs (shown in Fig- 
ures 3-2 and 3-3): a single tank with a reflector and a multiple-tank unit. 

3.2.1 Sinale Tank with Reflector 

A simple involute. reflector in a single-tank design will distribute solar 
radiation from 180’ full acceptance angle onto the entire tank circumference 
in an ideal case (i.e., tank is end supported). The tank can be mounted 
vertically or horizontally, though the former orientation would probably 
result in better stratification. Thus, if the tank has diameter D, the ideal 
aperture width will be rD. Continuation of a compound parabolic-shaped 
reflector above the level of the tank can supply perhaps 10X-20% more energy 
(1.1-1.2 concentration ratio) but the lowered acceptance angle would require 
horizontal mounting, result in higher reflector cost, and require a deeper 
enclosure with resultant cost and aesthetics problems. For purposes of this 
simple analysis, we will just assume an ideal involute reflector. 

As with any solar hot water system, there will be an optimum ratio of storage 
volume to collector area. For now we will just use “S” to represent this 
number. 

. 

Taking reflector width as W, tank diameter as D, and tank length as L, 

AD 2 

tank volume = 
-L 
4 

aperture area WL =s (3-l) 

2 
wd$. (3-2) 
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Figure 3-l. Simple Glazed Tank Figure 3-2. Single Tank with Ideal 
Involute Reflector 
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Figure 3-3. Multiple Tanks Butted Figure 3-4. Single Tank with Half 
Together Reflector 
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For the involute reflector, W = I'D: 

(3-3) 

3.2.2 Multiple Tank 

If we consider a multiple-tank 
design with n tanks each of diameter 
D butted together, the aperture 
width W is just nD. 

A 

nrDL 
tank volume 

aperture area 
= -L=s 

nDL (3-4) 

(sr/4)D = S 

D = 1.27 S . 
Figure 3-S. Unitary Thermosiphon 

System Here there is no limitation on the 
width of the device since any number 
of tanks yields the same value of S. 

Thus, a 2.4 m x 1.2 m (8 ft-x 4*ft) device could-be built without deviating. 
from the optimum value of S. It is interesting to note that as tank diameter 
for a butted configuration is varied, the exposed area for heat loss remains 
constant at 8nWL/2, or 1.57 WL (compared with WL for a single tank with 
reflector), assuming that only the upper hemispheres are exposed. (If the 
aperture width is W, each tank would have a diameter of W/n for a total 
exposed surface area of l/2 x n x a x WL/n = AWL/~.) 

3.2.3 ICS Heat Loss 

One disadvantage of ICS systems compared with pumped systems is that the water 
is stored outside the building envelope and can lose more heat overnight. If 
we assume a simple exponential decay of the bulk fluid temperature (with no 
draw and constant amount temperature), then the loss overnight will be a func- 
tion of the thermal capacitance, the initial temperature difference, and the 
thermal loss coefficient. It will be shown later that for a well-designed ICS 
system with typical values of G, the overnight losses (and overall perfor- 
mance) are not a strong function of the capacitance. It is clear, however, 
that a reduction in the loss coefficient will result in lower overnight losses 
and better overall performance for an ICS system, If the tank temperature at 
the end of the day is low due to a draw, the overnight loss will be lower. 
Thus, an ICS system can be expected to perform better if the usable heat is 
extracted by late afternoon or early evening. 

In analyzing an ICS system it is not clear what heat transfer coefficient 
should be used inside the tank and whether it is important to consider. Let 
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us first compare the thermal resistance between the tank wall and ambient to 
that between the wall 
loss coefficient UL of 

Coefficients for heat 
fluid are not readily 
tively large, however, 

and t nk 
4 

fluid. A well-designed ICS unit might have a 
2 W/m K (0.35 Btu/h Et2 OF). 

transfer from a warm cylinder wall to a cool interior 
available in the literature. Since the tank is refa- 
we will approximate this with a vertical warm wall. 

A typical heat transfer correlation for turbulent natural convection on a 
heated, vertical wall (Chapman 1974) is 

hf = 0.129 

if3 

* (3-5) 

Note that the characteristic length does not appear in the turbulent range due 
to the l/3 power dependence of the Nusselt number. 

Taking the wall temperature as 60°C (140'F) and the average fluid temperature 
as 37.8'C (lOOoF) [the average of a 15.6'C (60'F) supply temperature and the 
wall temperature] and using properties for water at 49'C (120°F), 

hf = 1007 W/m2K . (3-6) 

Obviously the thermal resistance between the tank wall and the environment 
greatly exceeds that between the wall and the fluid. The overall heat loss 
will then be controlled by the resistance between theTee- tank -and- -the - ~ I 
environment. 

If we assume no significant change in physical properties with changes in tem- 
perature, then we can separate the effect of AT in the heat transfer 
coefficient: 

hf = 572 AT113, AT in 'C . (3-7) 

Now compare the energy flux on the tank w 11 
If we assume a peak solar flux of 950 W/m 3 

to the insi e 
(300 Btu/h ft 9 

film coefficient. 
) and an efficiency 

of SO%, the peak, net flux into the f 
other hand, our inside flux is 572 AT lrl 

'd is 475 W/m2 (i?g Btu/h ft2), On the 
x AT or 572 AT Setting these two 

equal we obtain a temperature difference of only 0.9'C &OF). Thus, even if 
we have overestimated the film coefficient by, say, a factor of 2, it would 
mean that the absorber would run only 0.6'C (1.8'F) hotter [AT = 1,5'C 
(2,6'F)] at peak conditions and even less than that at average conditions with 
little effect on efficiency. Regardless of the tank temperature, the bulk 
fluid energy gain will be limited by the available solar radiation, not inter- 
nal convection. We have assumed turbulent flow inside the tank in this analy- 
sis, but even if this is not the case, the limiting thermal resistance will be 
between the tank wall and the environment. 

ICS systems are protected from freezing to a certain extent by the large mass 
of water contained in these units. In very cold climates, immersed heaters or 
electrically operated shutters can be used to protect the tank. One area of 
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concern expressed by manufacturers, however, is the problem of the connecting 
pipes freezing. A possible solution we have identified is to include a ther- 
mosiphon bypass Loop in the piping that will allow tank fluid to move into the 
connecting pipes. 

Figure 3-6 shows a conventional ICS plumbing layout. Figure 3-7 shows the 
inlet pipe at the top, the outlet pipe at the bottom, and a bypass with a 
check valve located near the storage tank (i.e., at room temperature). 
Whenever a load is drawn, these two systems behave the same way. When no load 
is being drawn, no flow occurs in the conventional system. The thermosiphon 
bypass system, however, will experience clockwise thermosiphon flow through 
the bypass loop whenever there is no load flow and the ICS tank is below room 
temperature. Thus, at night the exposed supply and return pipes will be kept 
near the ICS tank temperature. As long as the pipes are very well insulated 
this will not result in significant heat loss. The challenge in using this 
technique is to do it in a fashion that does not disrupt tank stratification 
during the day. Using long dip tubes may work, although small holes in these 
tubes may be needed to accommodate thermosiphon flow. It is assumed in this 
scheme that if the ICS tank is above room temperature, the short lengths of 
exposed connecting pipe will be sufficiently warmed by conduction. A 
disadvantage of this idea is that the tank inlet and outlet pipes must connect 
at opposite ends of the tank. 

Figure 3-6. Typical ICS Plumbing 
Layout 

Cold 
water 

SUPPlY 

\ 

\ 
\ 

Hot water 

Figure 3-7. Plumbing Arrangement to 
HeLp Protect Outdoor 
Pipes from Freezing 
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3.3 MANUFAcTuBeBS' SURVEY 

In order to gather as many data as possible concerning the current market for 
ICS systems we conducted a survey of manufacturers. In our survey, we con- 
tacted 19 manufacturers or distributors, either by telephone or mail. Of 
these, ten responded in some detail. We asked questions covering marketing, 
design, and cost issues. A copy of the survey form is included 3s Appendix B 
in this report. To maintain the confidentiality requested by many manufactur- 
ers, no listing of manufacturers' names or other identifying data is given in 
this report, Only the range of costs in the various categories is discussed. 

The cost data obtained were the most quantitative of the responses in the sur- 
vey . We asked for cost data in three categories, including costs for produc- 
tion, distribution, and instalLed cost to the consumer. Consumer cost was for 
the ICS unit alone; i.e., not installed. Each of these cost categories was 
broken into absolute cost, cost per unit area, and cost per unit dry weight. 
The per-unit-area and per-unit-weight costs were calculated in an attempt to 
find a measure that might allow for a common basis for comparison or normali- 
zation of the cost data. 

Few of the manufacturers gave their manufacturing costs; however, most were 
willing to give dealer costs. Costs to the consumer were obtained if the unit 
could be sold separately (from installation) to the consumer, Installed 
costs, if given, were usually estimated, reflecting the lack of control most 
manufacturers have on this category. Relatively few of the manufacturers were 
also installers. 

The absolute manufacturing costs had 3 wide range, from a minimum of $200 to a 
maximum of $700. Since the units are of varying sizes, a comparison on 3 per- 
unit-area or wei ht 

f 
basis 

vary from $150/m 
p probably more fppropriate. Costs per unit area 

to $276/m ($13.9-$25.6/ft >. This is a much narrower range 
than the absolute costs. On 3 per-unit-weight basis, the range is even 
narrower, from $4.7/kg to $5.6/kg. This indicates a fairly uniform cost 
parameter, which is probably not related to performance. 

, 

Dealer costs were the most frequently obtained in the survey. These costs 
were sometimes a function of the number of units delivered. Ab olute 
ranged from $35 

s 
to $1000. 1 

cost 
Per-unit-area costs varied from $286/m to $438/m s 

($26.6.$40.7/ft 1. On this basis, the costs are somewhat normalized, but 
still represent a wide range. On a per-unit-weight basis, the range is 
$6.4,$10.9/kg ($2.9.$5.0/1b). This is still 3 wide range, but there are a 
number of manufacturers whose cost Per unit weight is around $7k 
($3.2/lb). The sample is not large enough to draw any conclusions based on 
averages, however. 

Very few responses were received for the consumer cost of an ICS unit it- 
self. The unit costs ranged from $1000 to $1700, 
$476.$773/m2 ($44.2-$71.8/ft2). 

with per-unit-area costs of 
The cost per unit weight ranged from $14.l/kg 

to $15.9/kg ($6.4.$7.2/lb). 

The increase in cost from the manufacturer to the dealer ranged from about 30% 
to over 130%. This represents a wide range in marketing, overhead, and profit 
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margins for these manufacturers. From dealer to consumer, for the ICS unit 
itself, the markup ranged from 3 low of near 30% to a high of over 115%. 
Markup obviously varies tremendously among manufacturers. 

One overall conclusion we can draw from these survey data is that absolute 
costs vary widely. The range of costs narrows somewhat when compared on a 
per-unit-area basis. On a per-unit-weight basis, the cost between manufactur- 
ers is almost a constant. This may imply that although manufacturers cer- 
tainly use various techniques and processes, the costs of manufacturing an ICS 
system of a given weight are nearly the same. Thus, if costs are to be 
reduced, weight may have to be reduced. 

We have used these data to update our installed cost estimate in the same way 
that we updated our previous low-cost drainback system cost estimates. HOW- 

ever, we could not assess the performance impacts of cost with these data. It 
may be possible to correlate the Solar Rating and Certification Corporation 
(SRCC) 200-82 QNE values for those ICS units tested on a per-unit-area or 
weight basis. Un ortunately, T the number of manufacturers who both responded 
to the survey and had their system tested was insufficient. 

In addition to providing valuable cost data, the manufacturers' survey gave us 
a great deal of insight into industry problems and needs. The great majority 
of the manufacturers contacted did not use computer models, detailed analyses, 
or design tools in arriving at their designs. As might be expected, designs 
are often based on material availability and durability, not just on perfor- 
mance considerations. For example, for one manufacturer who builds his own 
tanks to save costs, the tank- sizeis based on using one sheet of-8-ft x-3-f-t 1d 
stainless steel with one joint. Many manufacturers prefer stainless steel 
tanks because of their longer life. 

Freezing is a concern for the manufacturers in cold climates, and many manu- 
facturers voiced a special concern for the freezing of connecting pipes. 
Several manufacturers use heat tape or "drip" valves (recommended by one manu- 
facturer on both inlet and outlet pipes) that allow city water to flush slowly 
through the system and onto the roof to prevent freezing. However, another 
manufacturer felt that drip valves waste a great deal of water. Most are 
unwilling to provide freeze protection warranties. This is especially true of 
the companies that recommend winter draining 
control their customers' actions. 

since they feel they cannot 

Many of the manufacturers believed that ICS systems perform better than many 
people think they do. They cited the following performance advantages for ICS 
systems compared with pumped designs: totally wetted absorber surface, no 
additional piping or storage losses during the day, and collection on marginal 
days when 3 pumped system is not operating. In addition, they felt that over- 
night losses are most significant if the tank energy is extracted during the 
day. One manufacturer expressed 3 strong interest in seeing detailed computer 
simulations that would accurately model ICS performance. 

Without exception, manufacturers were interested to learn that SERI is 
studying ICS systems. Several expressed this in follow-up letters after the 
telephone survey. They appear very willing to critique our work and make 
recommendations and should prove 3 valuable resource for future efforts. 
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3.4 INSTALLED COST ESTIMATE 

We costed ICS systems using the same assumptions and methodology as those for 
the drainback systems (Section 2.2). Using dealer costs for an ICS system 
based on the lower end of the cost-per-unit-area data obtained in our survey, 
installed system costs have been generated for 3 single-unit and 3 two-unit 
system. This information is shown in Tables 3-l and 3-2. 

The most notable item in the tables, in comparison with the earlier cost 
breakdowns for drainback systems, is the cost of the ICS unit itself. It 
appears that ICS units currently cost considerably more than flat-plate col- 
lectors. Although the ICS unit cost is high, there are considerably fewer 
components in the system. The overall effect is that 3 two-unit ICS system, 
using these estimates, costs slightly Less than the Low-cost drainback systems 
studied previously, and considerably Less than a commercial drainback system. 

-. 

One of the attractions of the ICS systems is their relative simplicity (e.g., 

no pump, no controller or sensors, no electric power requirements, fewer 
valves, etc.) compared with pumped systems. This advantage should also apply 
to Life-cycle costs of operating and maintaining the system. Recently, Short 
(1985) has developed 3 methodology to estimate the present value of life-cycle 
repairs and replacements for SDHW heating systems. We have used this methodo- 
logy to estimate life-cycle costs of repairs and replacements for both drain- 
back and ICS systems. For each component or subcomponent in the system, 
several data are required. The mean Lifetime and assumed failure probability 
distribution are needed, along with discount rate and system Lifetime, to 
determine-a life-cycle cost multiplier. Repair andreplacement oosts are-used+. .. 
to determine the life-cycle cost for each component or subcomponent. The 
total system life-cycle cost is obtained by summing over all components. The 
results of this methodology using a 200yr system life and a real discount rate 
of 4% (excludes inflation) are shown in Table 3-3 for both the drainback and 
ICS systems. The life-cycle repair and replacement cost is obviously signif- 
icant in SDHW systems. For both the drainback and ICS systems, these costs 
are over 50% of the installed cost (at this discount rate). ICS systems have 
about a 20% advantage over drainback systems in life-cycle repair and replace- 
ment costs, and about an 11% advantage in total cost. These results apply 
only to the configurations and cost data used in this analysis and should not 
be generalized to other conditions. 
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Table 3-l. Cost for a Single-Unit ICS System 

Equipment 
cost 

w 

Labor Rate 
(h) (S/h) 

Total Labor 
cost 

($1 

Collectors, 2 m 2 1 21.5 ft2), 550.00 2.7 18.7 50.49 
1 unit @ $275/m 

Brackets, 1 each 25 .OO mm -0 -- 

Valves, 1 10 .oo 0.5 18.7 9.35 

Piping, 1.9.cm (3/4-in.) polybutylene, 
15.2 m (50 ft) 

15 .oo 2.5 18.7 46.75 

Pipe insulation, 1.9.cm (3/4-in. ) wall 32.50 2.0 18.7 37.40 

Fittings 5 .oo 

637.50 

1.0 18.7 18.70 

162.69 
637.50 

Total labor and materials 800.19 
Labor paid by general contractors cm) 34.16 
Sales tax (6%) 38.25 

General contractor overhead (15%) 
872.60 
130.89 

General contractor profit (15%) 
1,003.49 

150.52 

Total system costs 1,154.Ol 



Table 3-2. Cost for a ILo-Unit ICS System 

Equipment 
cost Labor Rate 

6) (h) (S/h) 
Total Labor 

cost 

6) 

Collectors, 4 m2 (43.0 
$275/m2 

ft2), 1,100.00 5.4 18.7 100.98 
2 units @ 

Brackets, 2 each 50.00 mm mm mm 

Valves, 1 10.00 0.5 18.7 9.35 

Piping, 1.9.cm (3/4-in.) polybutylene, 
15.2 m (SO ft) 

15.00 2.5 18.7 46.75 

Pipe insulation, 1.9.cm (3/4-in.) wall 32.50 2*0 18.7 37.40 

Fittings 5,oo 1.0 18,7 18,70 

1,162.50 213.18 
1162.50 

Total labor and materials 
Labor paid by general contractors (21%) 
Sales tax (6%) 

General contractor overhead (15%) 

1,375.68 
44.77 
69.75 

1,490.20 
223.53 

General contractor pi-ofit (15%) 

Total system costs 

1,713.73 
257.06 

1,970.79 



Table 3-3. Life-Cycle Corit of Drainback and ICS Systems ($1 
(discount rate = 0.04, system lifetime = 20) 

System Installed Cost Life-Cycle Cost Total Cost 

Commercial drainback 3230 1297 4527 

Low-cost drainback 2013 1275 3288 

ICS system 
(2 units) 

1971 1021 2992 
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4.1 SYSTEM TEST PROCEDURES 

Many states require that 3 certification test be performed on solar domestic 
hot water systems before state tax credits can be claimed. Two industry 
organizations have developed certification programs to meet these require- 
ments. The most widely used industry standard for certifying and testing 
water heating systems is the SRCC Standard 200-82 (SRCC 1983). The other 
program was developed by the Air Conditioning and Refrigeration Institute 
mI). The SRCC standard, "Test Methods and Minimum Standards for Certifying 
Solar Water Heating Systems,” is based on ASHRAE 95-81 (19811, as is the AR1 
standard. ASHRAE 95-81 specifies the procedures for testing the solar water 
heeting systems, but does not specify the conditions under which the tests are 
performed. These are outlined by the certification organizations. 

The Oregon Department of Energy also has developed test procedures, described 
by Reichmuth and Robison (19821, for hot water systems in general and one for 
ICS systems in particular. Their method is primarily an outdoor test 3s 
opposed to the SRCC test, which requires an indoor solar simulator. Addition- 
ally, the ODOE test does not specify any draws and therefore does not result 
in a performance measure that depends on energy delivery. This test is 
useful, however, in determining the performance parameters of an ICS system 
that may be used in Longer-term modeling. Zollner (1984) has described the 
use of this test method for determining performance parameters. 

In the SRCC test method, solar water heating systems are designated by system 
type and system classification. The three main generic categories of system 
types are as follows: 

l Forced Circulation: This type of solar system uses mechanical means to 
move the working fluid through the solar collector to the hot storage 
device. 

0 Integral Collector Storage: This type of solar system has all or most of 
its water storage Located with the collector. The system operates as a 
passive solar device without mechanical equipment. 

l Thermosiphon: This type of solar system has the storage tank located 
above the collector. Movement of fluid in this system is through natural 
convection, without mechanical equipment. 

Each of the above system types may be tested in any of the following three 
test system classifications: 

0 Solar only: This system is tested 3s a device that will provide hot 
water without a convention31 backup system. 

l Solar preheat: This system is tested as a solar preheater that heats the 
water before it goes to 3 conventional water heater. 

e Solar plus supplemental: This system is tested with its own convention31 
backup system or auxiliary heating element included. _ 
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The thermal performance rating of the system consists of a number of cate- 
gories. 
the solar 

Solar energy delivered QNRT shows the daily net energy delivered by 
device and is a measure of the solar energy delivered by a system 

under test conditions. Reserve energy capacity Q ES is the reserve capacity 
of the system; i.e., the energy Left after a full % ay's water use is drawn off 
in the test. The heat loss coefficient L is the rate of heat loss of the sys- 
tem. L is measured only for systems that have outside storage tanks. The 
auxiliary energy capacity QcAp is the measure of the energy storage capacity 
of the auxiliary tank. 
own backup. 

QCAP is calculated only for systems that provide their 
The auxiliary energy consumption QA 

9 
is a measure of the backup 

energy used by the system to deliver the require amount of hot water in the 
test. Parasitic energy consumption QpAR is a measure of energy used to supply 
power to pumps, controllers, shutters, or trackers needed to operate the 
system. The standard test Load Q,, is the desired Load on the solar heating 
system. The standard Load in the SRCC program is 42,300 kJ/day 
(40,119 Btu/day), taken in three equal draws at 8:OO AM, noon, and 5:OO PM. 
This is equivalent to what an average family of four might use each day. 

4.2 SRCC SIMULATION 

Many of the commercially available ICS units have been tested under SRCC 
200-82 (SRCC 1983). Most ICS systems have been tested as "solar preheat" 
types, but they can also be tested as "solar only" types. A multinode model 
has been used to simulate the two different SRCC tests. The single-node model 
is the basis for the multinode approach described later in this section. 
Several assumptions simplify the solution of the differential equations: 
fully mixed tank, quasi-steady state over the time step, -and a constant heat 
loss coefficient. The system can be drawn with inputs and outputs as shown in 
Figure 4-l. 

An energy balance on the system yields 

dT 
Mcp dt = Qs + mcpTin - &pT - UA(T - Ta) ' 

where 

AC, = load flow capacity (W/'C) 

MCP 
= system heat capacity (J/'C> 

T = tank temperature (‘C) 

t = time (5) 

QS 
= absorbed solar energy (W) 

T* rn = fluid inlet temperature ('C) 

UA = overall loss coefficient (W/'C) 

Ta = ambient temperature ('C) . 

(4-l) 

If 

8" 
Qs+ HcpTin+ UATa 

MCP 
(4-21 
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and 

k + UA 
Y = 

Mcp ' 
(4-a) 

UA(T 

Figure 4-l. Schematic of ICS Model 

then the energy balance becomes 

dT 
dt=6-yT. 

With T(O) = To the solution is 

(4-4) 

T= B/y + (TO - B/y)e'Yt p (4-5) 

and the average tank temperature 
over time t' is 

T.3) T :, [;*Tdt =- (4-6) 

or 

T = 8/Y 

- (To - S/Y) '-1 ‘-:E’ 0 (4-7) 

The energy delivered is 

Qdel = &c,(T - TinIt' 9 (b-8) 

and the energy lost is 

QL OS9 = UA<;I" - Ta)t' e (4-9 1 

The internal energy change is 

Qint = Mcp(T' - TO) , (4-10) 

where T' = T(t'). 

If optical characteristics like a flat-plate collector are assumed for an ICS 
collector, then Q, can be determined as follows: 

QS = Qincno (1 - Bo[l/cos(e) - I]} y (4-11) 

where 

Qe Inc = incident solar energy in aperture plane W 

no - - normal transmittance-absorptance product 

BO = incident angle modifier coefficient 

8 = incident angle . 

To generalize this analysis to multiple nodes, all that is necessary is to 
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l divide Q,, UA, and Mcp by the number of nodes N 

l set Tin(n) = ??n - 11, where n refers to the node in question 

0 sum Qloss and Qint over the number of nodes 

a set QdeL = ricp[T(N) - Tin(l)I 

A multiple-node model approximates stratification in the tank because of 
forced circulation during 3 draw. Natural circulation is not accounted for in 
this approach. 

4.3 SEC 200-82 SIMULATIObl RESULTS 

We employed the multinode model to simulate the SRCC 200-82 test method for 
two primary purposes* The first was to examine the effects of changing the 
model parameters on the simulated test results. The second purpose w3s to try 
to match the published performance indices for certain ICS units by adjusting 
certain unknown model parameters. 

The two basic types of ICS systems should have different performance param- 
eters in the model. An ICS system with a single-tank, reflector configuration 
is likely to have Low optical performance and a low heat loss coefficient com- 
pared with a multiple-tank system of the same aperture area and glazing sys- 
tem. The difference in heat loss coefficient is due to the smaller 3rea for 
heat loss from 3 single-tank system. (Recall from Section 3.2 that the tank 
surface are3 in an ideal single-t-ank design is the same--as -the -apertu-re area, - .-**s 
whereas in a multiple-tank design the exposed upper surface area is equivalent 
to 1.57 times the aperture area.) However, the single-tank system uses a 
reflector, which results in a loss in optical performance (due to reflectivity 
and optic31 inaccuracies) compared with the multiple-tank system that does not 
use a reflector. To determine the effect of various parameters, we have 
chosen for these two system configurations baseline parameters that we feel 
represent fairly typical values. Table 4-l shows the values of the model 
parameters used in the analysis. Note that the same value for B. (incident 
angle effects) was used for both systems. Typical values for B. for flat- 
plate collectors were taken from ASHRAE 93-77 (1977) and adjusted rather 
arbitrarily for use with ICS systems. The ASHRAE 93-77 incident angle modi- 
fiers are for single- and double-glazed collectors with absorber surface 
absorptivities of 0.9. We assumed an increase of 25% in B. for ICS systems 
because of increased enclosure depth and an additional increase of 25% for the 
reflector of the single-tank design. We assumed, and later results will con- 
firm, that the incident angle effects on the optical efficiency are relatively 
small, and that large changes would not significantly affect the 
results. This occurs because, 

in B. 
at large incident angles, significantly less 

energy crosses the aperture plane (cosine effects). 

4.3.1 Parameter Sensitivity 

The first parameter we explored was the system capacitance. The bulk of the 
system capacitance is from the water in the tank. As we changed the capaci- 
tance, we held the heat loss coefficient constant, 
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Table 4-1. Baseline ICS Performance Parameters for Typical Systm Configurations 

ICS System MCP 
[m (ft )] [W/'C (BufAu/h OF)] 'lo BO 
Nst ArTa Number 

[kJ/*C (Btu/*F)l of Nodes Configurations 

#l 400 (211) 2.0 (21.5) 8.0 (15.2) 0.7 0.2 4 Multiple-tank 
12 400 (211) 2.0 (21.5) 3.0 ( 5.7) 0.5 0.2 2 Single-tank, reflector 

For both the multiple-tank and single-tank ICS systems we assumed that any 
change in the tank surface area resulting from a change in tank volume would 
not affect the heat loss characteristics. We also assumed that the incident 
angle effects would also be unaffected. Both of these assumptions are prob- 
ably reasonable given the nature o f the model used in this analysis. In any 
case, a much more sophisticated model would be needed to determine the effects 
of system design on the heat loss coefficient and incident angle modifier 
coefficient. 

In a multiple-tank ICS it is possible to vary the system capacitance while 
holding the aperture area constant by altering the number and diameter of the 
tanks and the aperture length. There are several alternatives: holding the 
diameter constant and changing the number and length of the tanks, holding the 
length constant and changing the number and diameter of the tanks, or holding 
the number of tanks constant and changing the diameter and length of the 
tanks. For a given aperture area and system capacitance, there is no unique 
set of values for tank number, diameter, and length. We have not evaluated 
the potential impacts on manufacturing for various combinations of these 
design values. Figure 4-2 shows the results of capacitance change for ICS #l 
(multiple-tank system), An additional case of low heat loss coefficient 

WA = 4 W/‘C (7.6 Btu/h OF)] is shown to identify any relationship between the 
capacitance and heat loss effects. Note that there is a definite peak in the 
QN T curve at a system capacitance of around 400 kJ/‘C (211 Btu/‘F) for both 

E va ues of loss coefficient. 
begins to climb. 

After that point QNRT falls slightly and QRRS 
It appears that in designing ICS systems the only reason to 

exceed the optimum capacitance value would be to allow for higher loads than 
are used in the SRCC 200-82 test. 

In a single-tank system it is also possible to vary the system capacitance 
while holding the aperture area constant. In this case, however, only the 
tank diameter and length are variables. Since we have assumed an optimum 
ratio of aperture width to tank diameter, there is a unique diameter and 
length for a given capacitance and aperture area combination. Thus, for a 
fixed aperture area, a change in capacitance will cause a change in the aspect 
ratio (width to length) of the single-tank system. We have made no attempt to 
evaluate the ramifications of the aspect ratios that result from this param- 
eter sensitivity on other parameters or on manufacturing or production. The 
system capacitance effects for the single-tank system are shown in 
Figure 4-3. An optimum in QNRT occurs at around 400 kJ/‘C (211 Btu/‘F), the 
same as for the multiple-tank system. 
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Figure 4-2. Effect of Capacitance on Predicted SBCC Test Performance for 
the Multiple-Tank (ICS fl) System (optical efficiency = 0.7) 
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Figure 4-3. Effect of Capacitance on Predicted SBCC Test Performance for 
the Single-Tank (ICS #2) System (optical efficiency = 0.5) 
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For a continuous draw profile, it can be shown fairly simply that performance 
is not a function of system capacitance. The results discussed above show 
that for the SRCC draw profile, there is an optimum in performance at a 
certain capacitance C-400 k.J/'C (211 Btu/'F)]. It is clear then that draw 
profile has an effect on performance. The specific effects of capacitance on 
performance are not clear, so an optimum capacitance can not be determined. 
We did not explore the interrelated effects of aperture area, capacitance, and 
draw profile in this study. These effects must be understood for the system 
designer to properly conduct the design effort. 

The effect of incident angle modifier changes, through Bo, is shown in 
Figure 4-4. As can be seen, very large changes in B. result in very small 
changes in both QNRT and QRRS. 

Stratification has been account.ed for in the multinode model by separating the 
ICS system into a number of fully mixed zones. Whenever flow (draw) occurs in 
the system, stratification is enhanced and performance is improved as hotter 
water is delivered to the load. The effects of increasing the number of nodes 
modeled for ICS f/l and ICS #2 are shown in Figures 4-5 and 4-6, respective- 

lY* It is clear that the initial increase of nodes over a single, fully mixed 
tank results in fairly significant improvement in QNET and a decrease in QRES 
and thus does compare with the expected effects of actual tank stratifica- 
tion. Beyond 8 or 10 nodes, the change in performance is slight. This agrees 

with the findings of Zollner (1984). 
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Figure 4-4. Effect of BO, the Incident Angle Modifier, on Predicted 
SBCC Test Performmce 
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Figure 4-5. Effect of Number of Nodes on Predicted SBCC Test Performance for 
the Multiple-Tank (ICS #l) System (optical efficiency = 0.7) 
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Figure 4-6. Effect of Number of Nodes on Predicted SBCC Test Performance for 
the Single-Tank (ICS #2) System (optical efficiency = 0.5) 
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4.3.2 Comparison with Test Results ' 

We also employed the model to see if actual ICS system test results could be 
duplicated for several units on the market. Known parameters for these 
systems included the net aperture area, the fluid capacity, the absorber and 
glazing types, and, of course, the published test results. We used the 
capacitance of the tank fluid as the system capacitance in the model. The 
published heat loss coefficient was used without modification. Given the 
number of glazings and the system configuration, we assigned a value for BQ* 

The only remaining parameters are the TJ, and the number of nodes. For a 
multiple-tank system, we used the number of tanks as the number of nodes, 
since each tank tends to be small and may be considered fully mixed. For a 
single-tank system, the choice of nodes was not so simple. Since some 
stratification is bound to exist, we started with an assumption of 2 nodes for 
each unit in the system. This leaves only the '1, to be adjusted. Table 4-2 
lists the ICS systems we modeled along with some of the important design 
features and test results from SRCC (1983). The Cornell 360 was chosen be- 
cause a detailed model of this single-tank unit has been developed by Lindsay 
and Thomas (19831, and we plan to use their model in subsequent work. The 
Cornell 480 represents a unit with very low heat losses compared with others 
tested and was interesting from that standpoint alone. The Gulf Thermal PT40 
is representative of the multiple-tank designs and has been modeled in some 
detail by Cummings (1983). The table shows, in addition to the published test 
results, the test results normalized by net aperture area. This makes per- 
formance comparisons somewhat more straightforward. 

Generally, it was quite easy to match the QNRT values within 3% for all the 
units by adjusting 11, primarily and the number of nodes secondarily. However, 
the resulting comparison for QRRS was not as successful. When a product had 
been tested as both a one- and two-unit system, we attempted to adjust the 
parameters for the one-unit results and then use those parameters for the two- 
unit test result comparison. The opposite sequence was also tried. The 
results of both these sequences for systems tested with both one and two units 
were very similar. Table 4-3 gives the resulting parameters for the five sets 
of test results. 

To establish the validity of these parameters for each of these systems, 
longer-term experimental test data would have to be obtained and the model 
exercised against the environmental inputs and draw characteristics of the 
test. In the meantime, the technique of estimating the ICS performance param- 
eters based on the multinode model seems reasonably adequate for estimates of 
SRCC system tests results for QNET. 

4.3.3 Miscellaneous Studies 

We can use the multinode model and the SRCC test simulation to look at other 
issues as well as parameter sensitivities and comparisons with test data. One 
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Table 4-2. System Description and SRCC 200-82 Test Results for Several Cosnwzrcial ICS Systems 

System 
Cornell Energy 

360 
Cornell Energy Cornell Energy 

480-l 480-2 
Gulf Thermal 

PT40-N 
Gulf Thermal 

PT40-2 

Number of uni 
m 5 

s 2 
Gross area (ft2)] 3.36 (36.2) 

Net area [m 1 (ft2 ] 
3 

3.16 (34.0) 
Fluid capacity [m (gal)] 0.24 (63.4) 
Fluid MC 
Tank typ& 

[kJ/‘C (Btu/‘F)] 1006.00 (530) 
glass-lined 

steel steel 
Absorber surface nickel foil coating 
Heflector surface reflective 

polyisocyanurate 

Number of glazings 
Glazing type: 

1 

2 

3 

3 

low iron tempered 
glass 

reinforced fiberglass 
reinforced 

fiberglass acrylic 

2.2 (23.7) 
2.0 (21.5) 
0.16 (42) 
662 (349) 

glass-lined 
steel 

selective surface 
aluminized 
parabolic 

2 

low iron glass 

low iron glass 

Be 

4.4 t47.3) 
4.0 (43.0) 
0.32 (85) 

1,324 (697) 
glass-lined 

selective surface 
aluminized 
parabolic 

2 

low iron glass 

low iron glass 

we 

1 
1.81 (19.5) 
1.62 (17.4) 

0.15 (40) 
629 (331) 

stainless steel 

black nickel 
N/A 

3 

low iron glass 

Teflon 

Teflon 

2 
3.62 (39.0) 
3.24 (34.9) 

0.29 (80) 
1,215 (640) 

stainless steel 

selective paint 
N/A 

3 

low iron glass 

Teflon 

Teflon 

SHCC 200-82 test data: 
QNrl- [kJ (Btu)] 
QNET/area [kJ/m2 (Btu/ft2)] 

20,996 (19,905) 16,000 (15,169) 30,300 (28,726) 15,298 (14,503) 25,954 (24,606) 
6,644 (585) 8,000 (705) 7,575 (667) 9,443 (832) 8,010 (706) 

QREs LkJ (Btdl 750 (711) 949 (900) 
QB S/area [kJ/m2 (Btu/ft2)] 

6,183 (5,862) 10,700 (10,144) 12,871 (12,202) 

L F W/oC (Btu/h OF)] 
1,957 (172) 375 (33.0) 2,675 (236) 586 (51.6) 3,973 (350) 
10.44 (19.8) 3.01 (5.71) 5.72 (10.9) 6.31 (12.0) 14.2 (26.9) 

IJ [W/m2 ‘C (Btu/h ft2 OF)] 3.3 (0.58) 1.51 (0.27) 1.43 (0.25) 3.89 (0.69) 4.38 (0.77) 
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important issue with ICS systems is‘ overnight losses, discussed in 
Section 2.2.3. We used the model to look at how overnight losses are affected 
by both the system mass and heat loss coefficient. 

To calculate overnight losses, we allowed the system simulation to reach 
steady-state daily operation using the SRCC ZOO-82 test conditions. To ensure 
steady state, the normal SRCC convergence requirement (solar fraction changing 
by less than 3X) was tightened considerably by simulating 10 days of opera- 
tion. Overnight losses are defined here as system losses whenever there is no 
solar irradiance. Fo 

5 
the SRCC solar irradiance profile, there are 9 hours of 

sunshine [17,028 kJ/m (1,500 Btu/ft') total]. We used the ICS performance 
parameters for ICS #l and ICS #2 from Table 4-l for the baseline values. The 
mass of the system and then the heat loss coefficient of each system were 
varied while all other parameters were held constant. For the simulations 
with varying mass, two different ambient temperatures were used: the standard 
value of 22'C and a lower value of ll°C (51.8’F). Results from these sim- 
ulations are shown in Figure 4-7 for ICS #l and Figure 4-8 for ICS #2. 

It is obvious from Figures 4-7 and 4-8 that increasing the system mass also 
increases the overnight loss, The loss increases rapidly for low mass systems 
and begins to level out at higher mass. Note hat 
slightly less than 100 kg (220 lb) for a 5 2.0-m 

the bfseline mass is 
(21.Pft ) aperture and 

results in near maximum QNRT. For ICS Ml, shown in Figure 4-7, the loo-kg 
system has overnight losses that are almost 6% of the incident energy and 11% 

Of QNET' If a cooler environment is assumed [e.g., ll°C (51.8'F) ambient], 

7000 

6000 d-- 
-- 

my- 
T, = 11°C 

/ 
0 

/ 

200 250 

Mass (kg) 

i 
0 

Figure 4-7. Overnight Losses for ICS System #l under SRCC Test Conditions 
as a Function of System Mass 
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Figure 4-8. Overnight Losses for ICS f2 under SBCC Test Conditions as a 
Function of System Mass 

then a loo-kg (2209lb) system has overnight losses that are almast 10%. of.thel 
incident and almost 25% of QN To Those values increase to almost 16% of 
incident and over 43% of QNRT P or a ZOO-kg system, This shows the relative 
importance of keeping the mass at a minimum level in cooler environments, 
although the possibility of freezing should be considered. ICS #2 shows the 
same trends, alth ugh 

s 
at lower levels ecause of the lower heat loss c ef- 

ficient 
(0.7 

[l.s W/m 'c (0.26 s Btu/h ft OF)] compared with 4.0 W/m s OC 
Btu/h ft OF> for ICS #l]. A loo-kg system at 22'C (71.6'F) ambient has 

overnight losses that are 1.5% of incident and 3.4% of QN T* 
the overnight loss for ICS #2 at both 22'C (71.6'F) and E 

Figure 4-8 shows 
l°C (51.8'F) ambient 

temperature. 

The effect of varying the loss coefficient on overnight losses for ICS #l and 
ICS #2 was determined with the ambient temperature at 22'C (71.6'F) only. 
These results are shown in Figure 4-9. The overnight losses for both systems 
over the range of loss coefficients evaluated change from <1X to <3X of the 
incident energy. It appears then that overnight losses (at least in warmer 
climates) represent relatively small fractions of the total system losses for 
reasonable design values of system mass. For cooler and cold environments, 
this may not be true. 
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Figure 4-9. Overnight Losses for-ICS fl and f2 under,SRCC.Test Conditioas 
as a Function of Loss Coefficient, at T, = 22'C 
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SECTION 5.0 

ANNUAL PERFORMANCE SIXULATION OF ICS SYSTEMS 

RR-2594 

The annual thermal performance of a solar energy system can be analyzed at 
various levels of complexity. Our approach has been to begin with simplified 
design tools to bracket the range of expected performance, using a code that 
requires minimal computer time so that low-cost parametric analyses are 
possible. This first step identifies components of the system that have the 
greatest uncertainty in behavior or the greatest potential for improvement. 
From the results of the parametric study, one can reasonably assess specific 
design or operational issues in sufficient detail to answer remaining 
performance questions, 

5.1 UNIVEBSITY OF WISCONSIN DESIGN METHOD 

Zollner (1985) developed a simple annual performance algorithm for ICS systems 
that compares well with TRNSYS simulations (Klein 1983) using the same per- 
formance and load characteristics. The model is applicable to most com- 
mercially available ICS systems _ because it uses generic performance indices 

$9 a loss coefficient, and no, average optical efficiency) that are not 
configuration-dependent. The performance parameters can be found analytically 
or experimentally for the system under consideration. Assumptions include a 
fully mixed tank, negligible change in internal energy during a month, and a 
continuous draw of hot water to satisfy-the load. Required inputs are monthly-‘ ' 
average values of incident radiation in the plane of the ICS system, ambient 
temperature, sky temperature, cold water supply temperature, glazing area, 
loss coefficient, and average optical efficiency. The model calculates the 
monthly average draw temperature and solar fraction. Details of the method 
are described below. 

An energy balance on the ICS system may be written 

0 r (ET") A,(-;;,) - ULA,be(Tt - Ta) - MDcp(TD - 'T,> 9 (5-l) 

where 

HT 

n 

AC 

nO 

uL 
A8 

G 

?a 

MD 

= the d ily average incident radiation 
f 

in the plane of the glazing 
(kJ/m day) 

= the number of days in the month (days) 

= the collection area of the ICS system (m2) 

= the monthly average optical efficiency 

= the loss coefficient (W/m2 'C) 

= the amount of time in the month (s) 

= the average tank temperature ('C) 

= the monthly ambient temperature ('C) 

= the mass of water withdrawn for the load during the month (kg) 
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3 = the specific heat of water (kJ/kg 'C) 

TI) = the average draw temperature ('C) 

Fm = the mains water temperature ('C). 

From the assumption of continuous draw and no stratification, we may equate 
the monthly average draw temperature to the average tank temperature; i.e., 
TI) = Tt . Solving for the draw temperature, we obtain 

TD = 
&dc(To) + MDC + ULAcAeT, 

MDC~ + ULA,AB 
. 

The load is simply the energy required to heat the monthly draw 
the cold water supply temperature to the set-point temperature. 
definition of load, we may calculate the solar fraction for the 
tank f, c as 

9 

f 
MDC~(TD - Tm) 

m9c MDC~(TS - ‘i;m) ' 

(5-2) 

volume from 
From this 

fully mixed 

(5-3) 

where TS is the set temperature of the auxiliary tank. Zollner (1984) reports 
excellent agreement between this model and TRNSYS simulations that use the 
same assumptions of continuous draw, fully mixed tank, and system performance 
parameters ~of UL and ?. rather thallr'more specific system eharacteristics,~ *He"... 

also observed good agreement with TRNSYS simulations that used other draw 
profiles, as long as the draws were not taken either completely in the morning 
or completely in the evening. 

In his TRNSYS runs, Zollner also studied performance assuming a stratified 
tank as well as one that was fully mixed. He used a simplified stratification 
model that neglects heat transfer between nodes except when a draw is taken. 
Stratification in the model occurs because cooler mains temperature water is 
introduced into the tank during a draw. The degree to which stratification 
improves performance is a function of the ratio of load volume to tank volume, 
termed "tank turnover." Based on the TRNSYS simulations, an expression was 
developed that incorporates stratification into the simple method and 
calculates a modified solar fraction: 

f 
9,c 
f bc 

=l+!+(l-fmc)* 
9 (5-4) 

Here, fS c 
fication: 

is the solar fraction provided by the ICS system assuming strati- 
Zollner found this equation to hold for loss coefficients from 1.9 

to 4.4 W/m 'C (0.33-0.77 Btu/h ft2 OF), tank volumes from 130 to 250 L 
(34-66 gal), average optical efficiencies from 0.3 
tank volume to area of 47 to 91 L/m2 (1.2-2.2 gal/ft 3 

to 0.69, and ratios of 
). 
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The SRCC test procedure used to determine the loss coefficient does not 
account for additional losses that would occur in an installed system 
radiating to the sky. To correct for a sky temperature below the ambient, 
Zollner defined an effective sink temperature Te that accounts for both con- 
vective and radiative losses. He suggests subtracting a value of one-fourth 
of the monthly average sky temperature d_epression from_ the monthly average 
ambient temperature to obtain a value for Te to replace Ta in Eq. 5-2. 

, 
5.2 ANNUAL PERFORMANCE OF ICS SYSTEMS 

To examine the annual thermal performance of ICS systems and investigate the 
potential for design improvements, we developed an interactive computer model 
using the algorithm presented in the previous section. The program allows the 
user to select one of three sites, chosen to represent a range of climates, 
including two in which freezing temperatures occur regularly (Denver, Madison, 
and Phoenix); the area of the KS system; the loss coefficient; the average 
optical efficiency; the daily hot water draw; and whether or not 
stratification is modeled. The site-specific data included in the code for 
each of the three sites are the monthly average incident radiation on a 
surface tilted at latitude and monthly averages for ambient, cold water 

supply, and sky temperatures. Monthly average site information for the three 
cities used in our analyses may be found in Tables S-l through 5-3. 

Table 5-l. Monthly Average Meteorological Data for Denver 

-~-~ 

Ambient SkY Mains Incident Radiation 

Month 
Temperature Temperature Temperature on a Surface Tilted at Latitude 

(Oc) (OF) ('Cl (OF) (Oc) (OF) (MJ/m2> (Btu/ft2) 

Jan. 0.0 32.0 19 66 3.9 39.0 530 46,670 

Feb. 0.0 32.0 19 66 4.4 39.9 530 46,670 

Mar. 3.0 37.4 19 66 6.1 43.0 660 58,100 

Apr. 9.0 48.2 18 64 9.4 48.9 660 58,100 

May 14.0 57.2 16 61 12.8 55.0 690 60,750 

June 19.0 66.2 16 61 15.6 60.1 700 61,640 

July 23.0 73.4 15 59 17e2 63.0 720 63,400 

Aug. 22.9 71.6 14 57 17.8 64.0 700 61,640 

Sept. 17.0 62.6 17 63 17.2 63.0 670 59,000 

Oct. 11.0 51.8 20 68 13.3 55.9 640 56,350 

Nov. 4.0 3962 18 64 7.2 45.0 500 44,030 

Dec. 0.0 32.0 20 68 2.8 37.0 480 42,260 
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Table 5-2. Monthly Average Meteorological Data for Phoenix 

RR-2594 

Ambient SkY Mains Incident Radiation 

Month 
Temperature Temperature Temperature on a Surface Tilted at Latitude 

(Oc> (OF) ('C) (OF) (Oc) (OF) (MJ/m2> (Btu/ft2) 

Jan. 10.7 51.3 20 68 8.9 48.0 540 47,550 

Feb. 12.8 55.0 22 72 8.9 48.0 580 51,070 

Mar. 15.4 59.7 22 72 10.0 50.0 740 65,160 

Apr. 19.8 67.6 22 72 11.1 52.0 810 71,320 

May 24.6 76.3 22 72 13.9 57.0 810 71,320 

June 29.2 84.6 21 70 15.0 59.0 820 72,200 

July 32.9 91.2 14 57 17.2 63.0 780 68,680 

Aug. 31.7 89.1 14 57 23.9 75.0 780 68,680 

Sept. 28.8 83.8 17 63 26.1 79.0 750 66,040 

Oct. 22.3 72.1 21 70 20.6 68.1 710 62,520 

Nov. 15.4 59.7 20 68 15.0 59.0 580 51,070 

Dec. 11.4 52.5 20 68 12.2 54.0 520 45,790 

Table S-3. Monthly Average Heteorological Data for Madison 

Ambient SkY Mains Incident Radiation 

Month 
Temperature Temperature Temperature on a Surface Tilted at Latitude 

(Oc> (OF) ('C) (OF) (Oc) (OF> (MJ/m2> (Btu/ft2j 

Jan. -8.4 16.9 14 57 7.2 45.0 330 29,060 

Feb. -6.5 20.3 12 54 7.2 45.0 390 34,340 

Mar. -1.0 30.2 14 57 7.2 45.0 490 43,140 

Apr. 7.4 45.3 12 54 7.2 45.0 490 43,140 

May 13.3 55.9 11 52 7.2 45.0 570 50,190 

June la.8 65.8 9 48 7.2 45.0 580 51,070 

July 21.2 70.2 10 50 7.2 45.0 610 53,710 

Aug. 20.4 68.7 10 50 7.2 45.0 590 51,950 

Sept. 15.4 59.7 11 52 7.2 45.0 510 44,900 

Oct. 9.9 4.8 12 54 7.2 45.0 450 39,620 

Nov. 1.5 34.7 11 52 7.2 45.0 290 25,530 

Dec. -5.6 21.9 11 52 7.2 45.0 260 22,890 
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From our manufacturers' survey, we found that the average net glazing area for 
an ICS system was about 3 m 2 (32.3 ft2). However, for a parametric analysis, 
we chose a smaller size so that even under the best possible conditions (for 
example, a system in Phoenix with a very high optical efficiency and a very 
low loss coefficient), the system never produces surplus energy for a hot 
water draw typical of a four-person household. The ICS performance algorithm 
is not based on previous history; i.e., it cannot model carry-ov r of 

3 
exce s 

energy from one month to the next. We found that an area of 1.7 m s (18.3 ft > 
tilted at a slope equal to the latitude never produced excess energy for a 
load of 300 L/day (79.3 gal/day) at a 50°C (122'F) set-point temperature, even 
under the most favorable circumstances that we chose to model, so this area 
was used in each of the foregoing analyses. Because of the uncertainty in the 
model's ability to predict actual stratification behavior precisely, our com- 
parisons do not assume stratification. Throughout this study, we assumed a 
hot water set-point temperature of 50°C and a hot water usage rate of 
300 L/day year-round. The load is modeled as if it were extracted on a con- 
tinual basis, but Zollner (1984) has shown that these predictions may be rea- 
sonably extended to the RAND profile or another profile that is not heavily 
weighted toward either morning or evening draw, 

Our first step was to assess the performance of a base-case system in each of 
the selected sites, varying first the heat loss coefficient and then the 
optical efficiency. Figures 5-l and 5-2 contain the results of these para- 
metric analyses. Figure 5-l shows variation in performance as a function of 
heat loss coefficient for a system with an optical efficiency of 0.6. In com- 
mercially 

9 
vailable systems, the value of loss coefficient ranges from a high 

of 4.8 W/m 'C (0.85 Btu/h ft2~' F) t;o- a-low *of 1.43 W/m2 O-C (O-,25 Btu/h -ft2- 
OF), Over this range the annual delivered energy for Denver increases approx- 
imately 40% as the loss coefficient decreases. Improvementsfor Madison and 
Phoenix are somewhat less, around 25%, as evidenced by the shallower curves. 
Achieving these performance improvements in real systems depends on main- 
taining the optical characteristics of the ICS system while lowering the heat 
loss coefficient. 

Next, we examined the effects of varying the optical efficiency while holding 
the heat loss coefficient constant at 1 W/m2 'C (0.18 Btu/h ft2 OF>. These 
results appear in Figure 5-2. The optical efficiency is not specifically 
measured in the SRCC test, so it must be inferred as in Section 4.3.3. For 
available systems, optical efficiency ranges from approximately 0.5 to 0.73. 
As '1, increases toward 0.73, the annual delivered energy increases between 42% 
and 47% for the three cities under investigation. The combined effects of 
optical efficiency and loss coefficient are shown gra hically in Figure 5-3. 
If we select a delivered energy of 5 GJ/yr (4,7 x 10 % Btu/yr), we find that 
this load may be supplied in Denver by-several combinations of perform nce 
indices. Combinations include: no = 0.5 an 

s 
UL= 1.5 Wm 

I 
4 OC 

(0.26 Btu/h ft2 OF); To = 0.8 and U = 3.5 W/m 'C (0.62 Btu/h ft 
'C (O.&a Btu/h ft2 OF). 

OF); 
and 7, = 0.7 and U 

k 
= 5.0 W/m Therefore, though it 

may be easier to a d thermal resistance to decrease the heat loss coefficient, 
it is important to maintain a good optical efficiency for an ICS system, as 
performance is significantly reduced with even a small change in yo. 
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Figure 5-1, ICS System Annual Performance as a Function 0 Loss Coefficient 
in Denver, Madison, and Phoenix (area = 1.7 m f , optical 
efficiency = 0.6) 
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Figure 5-2. ICS Systa Annual Performance as a Function 05 Optical Efficiency 
in Denver, Madison, and Phoenix (area = 1.7 m , UL = 1.0 W/m2 'C) 
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Figure 5-3. Combined Effects on ICS System Annual Performance in pnver of 
Loss Coefficient and Optical Efficiency (area = 1.7 m ) 

5.3 COMPARISON WITH DRAINBACK SYSTEMS 

Because the primary contender for low-cost SDHW supply is the drainback sys- 
tem, we compared performance of the ICS system described above to the low-cost 
drainback system investigated in our previous work. We also looked at the 
comparison between the low-cost system and commercially available drainback 
systems, and examined behavior as a function of performance indices as we have 
done with ICS systems. For the drainback systems, we used F-CHART (Klein et 
al. 1983) configured as described in Section 2.3. We varied the heat loss 
coefficient FRU 

k 
and looked at two values of optical efficiency: one cor- 

responded to t e ICS system, 0.6, and one was typical of a commercially 
available high-performance flat-plate collector, 0.77. Results appear in 
Figure 5-4 for both the ICS and drainback systems operating in Denver. The 
curve of performance as a function of loss coefficient is significantly flat- 
ter for the drainback systems as predicted by F-CHART than for the ICS sys- 
tems, indicating that fewer benefits accrue for drainback systems by improving 
their collector heat loss characteristics. This result is probably due to the 
impact of outdoor nighttime heat losses on ICS system performance. For the 
same optical efficiency and system size, the ICS will outperform the drainback 
for loss coefficients below approximately 1.6 W/m2 'C (0.28 Btu/h ft2 OF), 
However, most commercially available flat-plate collectors have greater 
optical efficiencies than those typically found in ICS systems. 

Since systems with aperture areas of only 1.7 m 2 represent a fairly small 
solar fraction in Denver (e.g., 
(0.88 Btu/h 2 

the ICS in Figure 5-4 with UL = 5 W/m2 'C 
ft OF) has a solar fraction of 0.223, we also compared these 

systems with aperture areas of 3.0 m ' (32.3 ft2). The results are shown in 
Figure 5-5. The energy delivery is, as expected, greater than that of the 
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---Drainback system, q. = 0.77 

---,.--, 

Drainback system, q. = 0.6 
-----mm.- 

VO = 0.6 

I I 1 I I 4 
1 2 3 4 5 6 

Loss coefficient (W/m* O C) 

Figure 5-4. Comparison of ICS and Drainback System Annual Per$ormance in 
Denver for Systems with an Aperture Area of 1.7 m 

Drainback system, q. = 0.77 

0 

\lCS systez, q. = 0.6 * 

Loss coefficient (W/m* “C) 

Figure 5-5. Comparison of ICS and Drainback System Annual Pergormance in 
Denver for Systems with an Aperture Area of 3.0 m 
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smaller sy terns, 
3 

now with solar fractions about 50% greater [e.g*, ICS with 
UL = 5 W/m 'C (0.88 Btu/h ft2 ' F) has a solar fraction of 0.31 and the 
drainback with y. = 0.77 and FRUL = 5 W/m2 'C (0.88 Btu/h ft2 OF> has a solar 
fraction of 0.593. Larger systems also seem to favor the drainback for 
performance; i.e., a lower loss coefficient is required for the ICS system to 
outperform a 

9 
rainback with the same TOY compared with the smaller 

(1.7.m2 (18.3-ft )] systems. This is probably due to the increased overnight 
losses in the larger ICS system as the average tank temperature goes up for 
the same load. 
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This section combines the results of the installed cost estimates, life-cycle 
costs for repair and replacement, and the annual performance estimates into a 
discounted payback analysis. 

The drainback data are for two different systems. One is the low-cost, low- 
performance system that uses a low-cost plastic collector with relatively low 
performance characteristics. The other is a commercial system that uses a 
high-performance collector and other off-the-shelf hardware currently avail- 
able. Performance of these systems was estimated for Phoenix, Denver, and 
Madison using F-CHART. Detailed performance parameters used for those drain- 
back systems can be found in Section 2.3. 

Performance parameters for the ICS system are from Section 4.0, except for 
area. Although ICS #l and ICS #2 

4 
o not 

we chose to present data for a 4-m 
dif er significantly in performance, 

(43.0.ft 5 

analysis. 
) ICS #2 system for the economic 

The load for the ICS system is slightly higher because there is a 
monthly variation in mains temperature in the analysis 
constant mains temperature in the drainback system analysis. 

compared with a 

Fuel costs were taken from a U.S. Department of Energy study (1983) (commonly 
referred to as NEPP-IV) of current costs and projected costs for the year 
2000. No attempt was made-to adjust system costs for the year 2000 to account t 
for the possibility of lower-cost systems. Table 6-l shows the fuel costs used 
for Phoenix, Denver, and Madison. 

Table 6-l. Present and Projected Residential NZPP-IV Fuel Costs 

Fuel Cost 

Location 

[1984 $/GJa (1984 $/lo6 Btu)] 

Natural Gash Electricity 

1984 2000 1984 2000 

Phoenix 9.28 (9.79) 15.13 (15.96) 16.43 (17.33) 18.70 (19.72) 

Denver 9.28 (9.79) 15.13 (15.96) 16.65 (17.56) 18.70 (19.72) 

Madison 9.59 (10.12) 16.61 (17.52) 19.02 (20.06) 21.46 (22.64) 

aAdjusted by inflation from 1982 (as given in NEPP-IV) to 1984 using a 5% 

b 
inflation rate. 
Assumes a 60% combustion efficiency. 
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The performance and cost data for the drainback and ICS systems have been com- 
bined in a discounted payback analysis that takes into account fuel escalation 
rates and the value of alternative investments (through discount rate). We 
assumed tax credits were not available. 

An expression for discounted payback with fuel escalation and discount rates 
that include inflation is 

(6-l) 

where P = discounted payback period 
C= system cost 
F = first year fuel savings 
A = (1 + G)/(l + R) 
G = fuel escalation rate 
R= discount rate . 

With Eq. 6-1, the discounted payback period is not particularly sensitive to 
the fuel escalation and discount rates if these rates are relatively close to 
each other. In fact, if they are equal, the expression reduces to a simple 
payback. We used a fuel escalation rate of 9%/yr for natural gas and 7% for 
electricity and a discount rate of lO%/yr. An assumed inflation rate of 6%/yr 
is included in both the fuel escalation and discount rates. 

Discounted paybacks were calculated using initial system cost for the two 
drainback systems and the ICS #2 for Phoenix, Denver, and Madison. These 
results are shown in Table 6-2. If we assume that payback periods of about 5 
years are acceptable for residential consumers, then none of the systems look 
very attractive. Present fuel costs yield no paybacks lower than 10 years. 
At current natural gas costs , paybacks for all systems range from almost 20 to 
over 30 years. Current electricity costs reduce payback about 50%. NEPP-IV 
projects dramatic increases in natural gas costs in the year 2000. These 
projected costs cause paybacks that approach, but do not exceed, the paybacks 
for electricity. 

In all cases, for a given location, the commercial drainback system has the 
highest payback period and the ICS #2 has the next highest, slightly more than 
the low-cost drainback, which has the lowest payback. 

The expected cost of component repair and replacements also can be incor- 
porated into a discounted payback calculation. The resulting paybacks for 
1984 electricity fuel costs for the low-cost drainback and ICS #2 are shown in 
Table 6-3, For Phoenix, the payback increases about 6 years for both systems; 
for Denver, about 8 years; and for Madison, about 10 years. It is clear that 
when the repair and replacement costs are included, the economic benefits of 
these SDHW systems are severely reduced. 

An important comparison for the potential buyer can be made between the com- 
mercially available drainback and ICS systems. Both use hardware that is 
currently available and has been priced using the same assumptions. The low- 
cost drainback system, on the other hand, uses inexpensive components, many of 

50 



Table 6-2, Perfomance and Economic' Analysis of Draihback and ICS Systems for DEW Heating Using Initial Cost Only 
(Fuel escalation - 9% for natural gas; 7% for electricity; discount rate = lo%, fuel costs and real fuel 
escalation rates based on NEPP-IV; see Table 6-l) 

QU ‘de1 QAUX 
Fuel Savings (1984 $) Discounted Payback (yr) 

fDtlW 
Natural Gas Electricity Natural Gas Electricity 

(GJ) (lo6 Btu) (GJ) (lo6 Btu) (GJ) (lo6 Btu) 1984 2000 1984 2000 1984 2000 1984 2000 

Phoenix [Qld = 16.0 GJ (15.2 x lo6 Btu)] 

Commercial drainback 17.9 (17.0) 15.4 (14.6) 0.5 (0.5) 0.97 143 233 256 288 25.4 14.9 15.8 13.7 

Low-cost drainback 15.5 (14.7) 13.7 (13.0) 2.3 (2.2) 0.86 127 207 228 256 17.2 10.2 10.3 9.0 

KS /12 (4.0 m2) 12.5 (11.9) 12.5 (11.9) 3.5 (3.3) 0.78 116 189 208 234 18.6 11.0 11.2 9.7 

km?r [QId = 18.1 GJ (17.2 x lo6 Btu)] 

Commercial drainback 17.1 (16.2) 15.5 (14.7) 2.6 (2.5) 

Low-cost drainback 13.0 (12.3) 11.9 (11.3) 6.2 (5.9) 

ICS t2 (4.0 m2) 10.5 (10.0) 10.5 (10.0) 7.5 (7.1) 

Madison [Q,, = 19.6 GJ (18.6 x lo6 Btu)] 

Commercial drainback 13.1 (12.4) 12.3 (11.7) 7.4 (7.0) 0.62 118 192 234 264 31.7 18.4 17.7 15.2 

Low-cost drainback 10.0 (9.5) 9.5 (9.0) 10.1 (9.6) 0.48 91 148 181 204 24.8 14.6 13.5 11.7 

ICS #2 (4.0 m*) 8.1 (7.7) 8.1 (7.7) 11.6 (11.0) 0.41 78 126 154 174 28.9 17.0 16.1 13.8 

0.86 144 235 258 290 25.2 14.7 15.6 13.5 

0.66 110 180 198 223 20.1 11.8 12.1 10.6 

0.58 97 159 175 197 22.6 13.2 13.7 11.9. 
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Table 6-3. Discounted Paybacks for 1984 Electricity Fuel Costs 
when Life-Cycle Costs Are Included (all other 
parameters identical to Table 6-2) 

Location/System 

Discounted Payback 
(yr) 

Initial Cost 
Initial + 

Repairs/Replacements 

Phoenix 
Commercial drainback 
Low-cost drainback 
ICS #2 

Denver 
Commercigl drainback 
Low-cost drainback 
ICS #2 

Madison 
Commercial drainback 
Low-cost drainback 
ICS #2 

15.6 24.8 
10.3 18.1 
11.2 18.6 

15.6 24.5 
12.1 22.7 
13.7 23.6 

17.7 28.3 
13.5 25.7 
16.1 28.4 

which are not used in systems being installed today (e.g., unpressurized, low- 
cost tanks , polybutylene piping, plastic collectors, etc.). Paybacks for the 
ICS system are several years (16%) shorter than the commercial drainbacks 
(based on initial cost). Based on this comparison, the ICS is more attractive 
and would be the system of choice if paybacks were the criteria. Addi- 
tionally, there may be opportunities for reducing the cost of ICS systems that 
will substantially improve their economic competitiveness compared with cur- 
rently available commercial ICS systems. Figures 6-l through 6-3 compare 
drainback and ICS current system economics for Phoenix, Denver, and Madison. 
Discounted paybacks versus current electricity costs and escalation rates for 
5, 10, and 20 years are also plotted in each figure. 

The drainback system that we analyzed contained a currently available off-the- 
shelf, low-cost collector that is also low performance. What impact would 
development of a low-cost, high-performance collector (e.g., a Brookhaven type 
high-temperature thin-film plastic) have on payback? If we use the same cost 
as for the low-cost collector but assume performance equivalent to that of the 
Novan collector used in the commercial drainback system, the payback would be 
shown by the open diamond in Figures 6-l through 6-3. Thus the paybacks 
(based on initial cost) would drop as follows: Phoenix--lo.3 to 9.0 yr, 
Denver-- 12.1 to 8.9 yr, Madison--13.5 to 10.0 yr. The impact of a high- 
performance, low-cost collector is especially significant in the colder 
climates where paybacks are reduced by about 25% compared to currently 
available low-cost, low-performance collectors. 
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Figure 6-l. Discounted Payback against Electricity for Comercial Drainback, 
Low-Cost Drainback, and ICS #2 in Phoenix (discount rate = 10X, 
electrical fuel escalation rate = 7%) 
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Figure 6-2. Discounted Payback against Electricity for Commercial Drainback, 
Low-Cost Drainback, and ICS #2 in Denver (discount rate = lo%, 
electrical fuel escalation rate = 7%) 
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Figure 6-3. Discounted Payback against Electricity for Commercial Drainback, 
Low--Cost Drainback, and ICS #2 in Madison (discount rate = 10X, 
electrical fuel escalation rate = 7%) 

While development of a low-cost, high-performance collector that also exhibits 
long-term durability can help improve system economics, paybacks still con- 
siderably exceed the five-year value needed to obtain a 40% market penetra- 
tion. It is also unlikely that balance-of-system and labor costs can be 
reduced any further than those assumed for the low-cost drainback system. 
However, payback periods on the order of ten years versus electricity (without 
tax credits) are still much better than those of most systems sold today, and 
low-cost drainback systems using plastic piping, unpressurized storage, and 
advanced low-cost collectors may well warrant further development and testing. 

ICS systems show better paybacks than other system types currently being 
marketed and, if they can be reduced in cost and adequately protected from 
freezing, they may show even greater promise than drainback systems for 

* achieving large market penetration. They will likely still be applicable to 
domestic water heating only, however. 
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SECTION 7.0 

CONCLUSIONS AND RECOMMEZNDATIONS 

7.1 CONCLUSIONS 

Low-cost versions of drainback systems have the potential to reduce installed 
costs by almost 40% over optimistically priced commercially available systems. 
If a durable, low-cost, high-performance collector could be developed, payback 
periods of slightly under 10 years (versus electricity) are possible without 
tax credits. Further cost reductions would require the development of other 
innovative system concepts. 

Integral collector/storage (ICS) systems were studied as an alternative to 
drainback systems for heating domestic water (but not for space heating). 
Their attraction lies in their simplicity; namely, no pump or controller is 
required, and the entire system comes in one package. Two basic ICS system 
designs were studied: a single tank with reflector and a multiple-tank con- 
figuration. Two computer models were developed. One simulates an SRCC-82 
system test and allows for ICS model parameters to be determined from pub- 
lished SRCC test results. A second model takes these parameters and, using a 
methodology developed at the University of Wisconsin, predicts annual 
performance. 

The ICS simulation results indicate that attempts to reduce overnight losses 
by lowering the loss coefficient can unfortunately be -offset by--even--small - 
corresponding reductions in optical efficiency. In comparing the two ICS sys- 
tem types (single versus multiple tank), the single-tank system has. lower-heat 
losses due to a smaller tank area, but a lower optical efficiency due to the 
presence of the reflector. In terms of annual performance, neither system 
design emerged as a clear winner, although additional concentration is pos- 
sible with the single-tank design (at an added cost). 

The optimum tank volume (system capacitance) was found to be dependent on 
draw profile. For a continuous draw, performance at any given aperture area 
is completely independent of tank volume. (If the energy balance equation for 
a constant draw is integrated over time, the storage mass appears only in the 
tank internal energy term, and this term can be considered negligible over 
long periods such as a month.) Draw profiles characterized by an average draw 
temperature less than the average tank temperature (e.g., night draw) benefit 
from larger tanks which have a smaller diurnal temperature variation. Con- 
versely, a draw profile weighted to the daytime would do better with smaller 
tank sizes (although as with other active systems, if the tank is too small, 
collector efficiency suffers during nondraw conditions). A complete study of 
this issue was not attempted. 

A survey of ICS manufacturers revealed that system costs per unit area are 
only slightly less than those of other active systems on the market. Compared 
with flat-plate collector costs per unit area, ICS units are considerably more 
expensive. 'While the overall cost for a typical ICS system may be less than 
for a typical drainback system (e.g., comparing the ICS to the commercial 
drainback), the ICS system does not deliver as much energy. An economic com- 
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parison showed that the ICS system has a shorter payback than the commercial 
drainback system and about the same payback as the low-cost drainback system. 
It must be pointed out that the low-cost drainback system has not been tested 
or commercially developed and that the costs estimated for the ICS system were 
taken from the optimistic end of the cost range from the manufacturers’ 
survey. 

If a high-performance, low-cost, flat-plate collector could be developed 
having a system cost similar to the low-cost system evaluated in this report, 
but having the performance of the commercial system, then the overall eco- 
nomics are improved considerably. 

7.2 RECOIWEXDATIONS 

Based on the findings of our study, we can recommend several areas for further 
evaluation. These areas include cost reduction, design innovation, analysis, 
and validation. Cost and design improvements will clearly have an impact in 
the marketplace. Analysis and validation will improve the confidence we have 
in our ability to predict performance. Both of these general areas need to be 
addressed further. Since ICS systems are not alone in challenging typical 
active systems for the domestic hot water heating market, other systems should 
be studied in the same context as have the two in this report. Unitary ther- 
mosiphon systems appear to have many of the same advantages of ICS systems and 
seem to perform better. Both the single fluid phase and boiling fluid ver- 
sions should be included in future comparisons. 

Although our installed cost estimates for low-cost drainback systems indicate 
substantial cost-reduction potential, the components have not yet been fully 
developed. Since there appears to be a real benefit to reducing drainback 
system cost with low-cost components, an analysis that evaluates various 
design options, materials, and related reliabilities would be of value to the 
program. The benefits of packaging low-cost drainback system components 
should be investigated. A durable, low-cost, high-performance collector still 
needs to be developed. 

Since reducing the cost of ICS systems will greatly affect the payback eco- 
nomics, some additional study of new materials, design innovations, and other 
potentially cost-reducing design changes need to be undertaken. Other low- 
cost ICS system designs may also be attractive from both a cost and per- 
formance standpoint. Alternatives to the ICS system should also be evaluated. 

We have demonstrated an ability to model ICS systems, both for short-term per- 
formance and for long-term, annual performance, The short-term performance 
has been partially validated against the SRCC 200-82 test results, but the 
long-term performance methodology has been validated by the University of 
Wisconsin for only several weeks of experimental data. To increase our con- 
fidence in the ability of the simple modeling approach, more long-term experi- 
mental data are needed. These data may already exist, and, if so, they should 
be obtained. If not, a program to acquire the necessary data should be under- 
taken. Both the National Bureau of Standards and the Bonneville Power 
Administration are currently conducting experimental programs that could pro- 
vide these much-needed data. 
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In addition to the system level performance and cost studies, component level 
tests can yield some valuable information. In the past, component tests or 
long-term operational testing of systems have resulted in data that cannot be 
obtained in any analytical study. Failure modes, component life, and O&M data 
are important in the overall understanding of any solar technology. We should 
not neglect this type of testing for ICS systems. 

In summary, drainback systems employing high-performance, low-cost collectors 
and low-cost balance-of-system components could lower payback periods versus 
electricity (without tax credits) to about 10 years. 
periods similar to drainback systems. 

ICS systems have payback 
If costs of ICS units could be reduced 

below current levels, 
be possible. 

then a significant decrease in payback periods may also 
Cost reductions are necessary in both systems to achieve more 

acceptable paybacks without tax credits. 
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APPENDIX A.2 

ANNUAL PERFOIZXANCE 
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* OPEN DATA INPUT FILE GU'ITH INITIAL PARAMETERS 
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+k*hk* INPUT ANY CHANGES DESIREI IN THE DEFAULTS t+*zkYk+-r-*.i: 
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ICS MANUFACTURER SURVEY 

Company: 

Phone: 

Contact: 

Product: 

MARKETING 

Date: 

1. What is your marketing strategy(direct, wholesalers, etc.)? 

2. Where is your product marketed? 

3. Have you experienced any freeze related problems? 

4. If you have a freeze related warranty, what are its terms and conditions? 

DESIGN 

1. How did you arrive at your current design? 

2. What design improvements do you contemplate? 

3. Can you send product literature? 

4. Where has your product been tested? 

COSTS 

1. Can you give us your cost figures for: 

Manufacturing? 

Wholesaler/dealer? 

Installed system? 

2. Without tax credits how would your marketing and costs be affected? 

MISCELLANEOUS COMMENTS 
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